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Over the last ten years, NASA has undertaken an extensive 
program aimed at development of solid state power amplifiers for 
space applications. Historically, the program may be divided into 
three phases. The first efforts were carried out in support of 
the Advanced Communications Technology Satellite (ACTS) program, 
which is developing an experimental version of a Ka-band 
commercial communications system. These first amplifiers 
attempted to use hybrid technology. The second phase was still 
targeted at ACTS frequencies, but concentrated on monolithic 
implementations, while the current third phase is a monolithic 
effort, but focusses on frequencies appropriate for other NASA 
programs and stresses amplifier efficiency. 

T. 20 GHZ HYBRID AMPLIFIERS 

As required by the ACTS program, the first solid state 
amplifiers developed by NASA Lewis were at 20 GHz. Two of the 
units (designed and built by TRW and Texas Instruments) utilized 
GaAs MESFET technology, while a third was based on GaAs IMPATT 
devices. All were based on discrete devices and external power 
combining to achieve the required power levels. The results of 
these three efforts are shown in Table 1. 


TABLE 1. 

PERFORMANCE OF HYBRID 20 GHZ AMPLIFIERS 



TI 

TRW 

TRW 


GaAs FET 

GaAs FET 

IMPATT 

BANDWIDTH (GHZ) 

2.5 

1.5 

0.220 

GAIN (dB) 

30 

39. 

29 . 0 

POWER OUTPUT (W) 

9.0 

8.2 

15.5 

EFFICIENCY (%) 

<8. 

<8. 

10. 

As a result of these three efforts, 

all of which ended 

about 

1984, and all of 

which were aimed at 

the production of 

a single 


port amplifier which would be appropriate as a tube replacement, 
NASA concluded that solid state amplifiers were not yet at a 
level where a 20 GHz single port amplifier at this power level 
was feasible for space applications. This decision was based 
primarily on the efficiency achieved at that time. Efforts since 
then have concentrated on the development of improved devices 
(efficiencies better than 30%) and their incorporation into 
monolithic low power (< 1 watts) amplifiers. 

TT. 20 GHZ MONOLITHIC MESFET POWER AMPLIFIERS 

This work has been carried out under contract and has been 
aimed at several potential applications. The first round of 
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developments was again centered out at 20 GHz. The target 
application again was an ACTS-like commercial satellite, 
requiring multiple, steerable beams. The development of 
appropriate monolithic power amplifiers (and receivers and phase 
shifters) would permit such a system to be implemented using 
phased array antennas rather than the extensive network of 
ferrite phase shifters and power dividers used by ACTS. This 
phase of the NASA program, carried out between approximately 1983 
and 1986, produced two 20 GHz monolithic amplifiers, each 
designed and built by Texas Instruments, and each based again on 
GaAs MESFET technology. The first of these, a variable power 
module, was a four stage amplifier which utilized dual gate FETs 
to achieve power variations while maintaining efficiency. A 
summary of its performance compared to design goals is shown in 
Table 2. 


TEXAS INSTRUMENTS 20 

TABLE 2 

GHZ VARIABLE POWER 

AMPLIFIER 


DESIGN GOAL 

PERFORMANCE 

BANDWIDTH (GHZ) 

2.5 

2.5 

MAX POWER OUTPUT (W) 

0.5 

0.25 

EFFICIENCY AT MAX OUTPUT (%) 

15 

— 

GAIN (dB) 

20 

20 

4TH STAGE GATE WIDTH (MM) 

— 

1.2 


The second 20 GHz chip was focussed entirely on the 
production of the maximum possible 20 GHZ power in a monolithic 
chip. Once more the contractor was Texas Instruments. This effort 
resulted in a three stage amplifier using single gate FETs. The 
performance of this chip is summarized in Table 3 . 

TABLE 3. 

TEXAS INSTRUMENTS 20 GHZ HIGH POWER AMPLIFIER 


DESIGN GOAL 


BANDWIDTH 2 . 5 

MAX POWER OUTPUT (W) 2.5 

EFFICIENCY AT MAX POWER (%) 20 

GAIN (dB) 15 

LAST STAGE GATE WIDTH (MM) 


PERFORMANCE 

2.5 
> 2.0 
16 
18 

3.6 


It is clear, however, that both of these units, although 
they constituted a benchmark achievement at this frequency, 
suffered from the same problem as the earlier hybrid 
implementations of solid state technology. Their efficiencies 
make their use marginal for space applications, except in very 
limited numbers, such as would be required if they were used as a 
driver for a higher efficiency final stage. An attempt to use 
multiple chips with any kind of combining would lead to 
prohibitively large prime power requirements. 
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TTT . HIGH EFFICIENCY MONOLITHIC POWER AMPLIFIERS 


At the present time NASA Lewis is sponsoring the development 
of four monolithic power amplifier chips. One of these at 15 GHz 
is a candidate for use in the proximity communications system of 
the space station. Two at 32 GHz are for possible use in the 
space (transmitter) portion of the deep space communications 
network. The fourth at 60 GHz is intended for application to 
intersatellite communications, such as might be required by 
Advanced TDRSS or lunar/Mars exploration. 

The space station proximity communications system is 
intended to provide communications within a radius of several 
10' s of kilometers of the space station. Users would include free 
flying experimental platforms, the orbital maneuvering vehicle 
(OMV) , and astronauts in EVA. The original planning for this 
system utilized frequencies in Ku— band. It is not clear at this 
time whether that assignment will be maintained, inasmuch as 
there exist possible interferences with commercial, fixed 
satellite services. Nevertheless, several chips have been 
developed at 13-15 GHz to accommodate this application. The most 
challenging of these was a variable power amplifier intended 
primarily for use by astronauts during EVA. The system design 
requires approximately 1 watt of output power. Power variability 
is necessary because of the wide variation in range experienced 
by the astronaut. Of course, high efficiency is also a prime 
consideration. The development of the chip was undertaken by 
Texas Instruments in January 1987. Their design is a four stage 
monolithic circuit using dual gate GaAs MESFET technology. The 
chip is shown in Figure 1. 



FIGURE 1. 15 GHZ MONOLITHIC VARIABLE POWER AMPLIFIER 

The performance of the amplifier, compared to the design goals, 
is shown in Table 4 . 
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TABLE 4. 

15 GHZ HIGH EFFICIENCY VARIABLE POWER AMPLIFIER 



DESIGN GOAL 

PERFORMANCE 

BANDWIDTH (GHZ) 

2.0 

20 

GAIN (dB) 

15.0 

29.6 

MAX POWER OUTPUT (W) 

1.0 

.92 

EFFICIENCY AT MAX POWER (%) 

35 

30. 

FINAL STAGE GATE WIDTH (MM) 

— 

1.5 


Both the power output and the efficiency achieved by this program 
essentially meet the system requirements formulated originally by 
the space station designers. The only problem at the present time 
is that the chip operates at a center frequency of 17 rather than 
14 GHz . 

In another application the NASA deep space communications 
network is considering a conversion to Ka-band. The primary 
motivation for such a change is the significant increase in 
antenna gain (for a fixed aperture size) and the corresponding 
decrease in power requirements (for a fixed data rate) . Increased 
antenna gain, however, implies smaller beams and therefore more 
stringent pointing requirements. Such a situation, of course, is 
ideal for implementation of an electronically steerable phased 
array, which does not disturb other critically-pointed spacecraft 
instruments in the way a mechanically steered antenna would. To 
support breadboard evaluations of such a system, 32 GHz power 
amplifier modules are under development. The contractors 
executing these efforts are Texas Instruments and Hughes 
Aircraft. The TI work has been under way since May, 1985, and is 
near completion, while the Hughes effort was initiated in June 
1988. 


TI proposed and originally designed amplifiers using GaAs 
MESFET technology, but was directed, after approximately 18 
months work, to concentrate on heteroj unction devices. 
Specifically, they have investigated AlGaAs/GaAs HEMT structures 
and pseudomorphic InGaAs/GaAs structures. At this point it is 
clear that the pseudomorphic technology outperforms both the 
AlGaAs HEMT and the GaAs MESFET technology by a significant 
margin at 32 GHz. The specific pseudomorphic structure which TI 
has adopted is shown in Figure 2 . 
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The performance parameters for two of the pseudomorphic chips 
developed under this program are shown in Table 5. 

TABLE 5. 

TEXAS INSTRUMENTS 32 GHZ MONOLITHIC POWER AMPLIFIER PERFORMANCE 


3 -STAGE AMP 1-STAGE 

AMP 

BANDWIDTH (GHZ) 2.0 2.0 

GAIN (dB) 23 4.6 

GATE LENGTH (uM) 0.25 0.25 

FINAL STAGE GATE WIDTH (MM) .25 .25 

POWER OUTPUT (mW) 190 460 

EFFICIENCY (%) 30 24 


The layouts of the two chips are shown in Figures 3 and 4 . 



FIGURE 3. TI's 3-STAGE MONOLITHIC 32 GHZ AMPLIFIER 



FIGURE 4. TI's ONE-STAGE MONOLITHIC 32 GHZ POWER AMPLIFIER 

In a parallel 32 GHz effort Hughes Aircraft Corporation's 
Microwave Products Division and Malibu Research Laboratories are 
collaborating on the development of a 32 GHz variable power 
amplifier. The design goals for this chip are shown in Table 6. 
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TABLE 6. 

DESIGN GOALS FOR HUGHES 32 GHZ VARIABLE POWER AMPLIFIER 


BANDWIDTH (GHz) 2.0 

MAX POWER OUTPUT (mW) 150 

EFFICIENCY AT MAX POWER (%) 40 

GAIN AT 1 DB COMP. (dB) 15.0 


The Hughes contract, like most such developments at this time is 
to be carried out in several phases. These will consist of (1) 
the optimization of a single gate device design, (2) the 
development of a single stage amplifier, (3) the development of a 
dual gate device, (4) the design, fabrication, and test of a 
three-stage, single gate amplifier, and finally, (5) a three 
stage dual gate amplifier. In the 16 months that the Hughes team 
has been under contract, they have carried out the first two 
phases. The epitaxy which they have selected for the basic device 
is similar to that utilized by TI, except that Hughes has elected 
not to dope the active layer. It does, however, utilize a single 
active InGaAs layer with donors on each side. The layout and 
performance parameters for the basic 32 GHZ device are shown in 


Figure 



FREQUENCY 

GAIN* 

POWER OUTPUT* 
EFFICIENCY* 
GATE WIDTH 
GATE LENGTH 


32.0 
4(5) dB 
222 (123)mW 
23 (41) % 

300 UM 
0.2 UM 


*tuned for max power (eff) 


Figure 5. Layout and Performance of Hughes 32 GHz Power MODFET 


This device has been incorporated into a single stage amplifier, 
whose performance is shown in Table 7. This amplifier is intended 
as the third stage of the final monolithic module. 


TABLE 7. 

Performance of Hughes 32 GHz Single Stage Amplifier 


GAIN (dB) ” " 5.5 
POWER OUTPUT (mW) 125 
EFFICIENCY (%) 21 

These results represent the first iteration of this chip, and 
significant improvement is expected before the program ends. 
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In addition, under the same contract, Hughes is developing a 
60 GHz monolithic power amplifier. The justification for this 
program is eventual application in intersatellite links. Although 
NASA's plans for the Advanced Tracking and Data Relay Satellite 
( ATDRS ) do not presently call for 60 GHz crosslinks, it seems 
likely that if such technology were available it would eventually 
find application in that area. The performance goals for the 
program, are shown below in Table 8. 

TABLE 8 . Performance Goals for Hughes' Pseudomorphic 60 GHz 

Power Amplifier 


BANDWIDTH (GHz) 

2.0 

MAX POWER OUTPUT (W) 

0.1 

GAIN (dB) 

15 

EFFICIENCY (%) 

30. 


At 60 GHz Hughes is using the same basic pseudomorphic device 
structure as at 32 GHz, although the gate lengths have been 
shortened somewhat (0.1 to 0.15 uM) . The layout and the 
performance achieved for a single stage amplifier are shown in 
Figure 6. As in the 32 GHz module, the amplifier shown is 
intended as the third (high power) stage of the completed 
monolithic amplifier. 



FIGURE 6. Hughes Single Stage Monolithic 60 GHz Amplifier 
IV. FUTURE ACTIVITIES 

The 32 GHz power amplifier modules developed by Texas Instruments 
and described here are scheduled to be incorporated into a 
breadboard transmitter array antenna which will also utilize 
phase shifters developed under NASA Lewis sponsorship. This work 
is being carried out at NASA's Jet Propulsion Laboratory, where a 
two dimensional array is expected to be completed late in 
calendar year 1990. 

The Hughes work at both 32 Ghz and 60 Ghz is probably at least a 
year away from being used even in a breadboard system. Although 
the contract is scheduled for completion in early 1991, it has 
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yet to address what has been one of the major difficulties in the 
fabrication of a multistage power amplifier - inadequate large 
signal device models. It has been a common experience for a 
designer to develop excellent individual stage amplifiers, which 
meet all the requirements of the overall power and gain budget, 
only to find that the multistage module performance falls far 
short of the program requirements. Consequently, it appears 
optimistic to expect that Hughes will complete their development 
by 1991. 1992 would appear to be more realistic. At that time, it 
is anticipated that a 60 GHz breadboard array will be built, 
either at JPL or at NASA Lewis. As with the Ka-band array, it 
will utilize monolithic phase shifters which are being developed 
in parallel at Hughes. 
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Technology development contracts funded by 
NASA have resulted in five 30 GHz satellite 
receivers of various design. This paper 
presents and discusses the results of tests 
performed at NASA Lewis Research Center to 
determine the operating characteristics of the 
receivers and their ability to perform in a 
digital satellite link. 


Introduct ion 

For the past 10 years, NASA has been develop- 
ing technology intended to enhance the performance 
of future satellite communi cation systems. This 
work has focused on systems operating at 30 GHz 
uplink and 20 GHz downlink frequencies. A major 
part of this technology thrust is the development 
of 30 GHz low noise satellite receivers. As a 
result of technology development contracts, five 
receivers of various design have been delivered. 
These receiver models have undergone extensive 
testing at NASA Lewis Research Center to determine 
their operating character! sti cs and their per- 
formance in a satellite communication system trans- 
mitting high rate digital data. In the following 
sections, the design of the receivers will be 
described, and the results of performance measure- 
ments will be presented and discussed. 

30 GHz Low Noise Satellite Receiver Designs 

The delivery of completed hardware from the 
five development contracts spanned the time period 
of 1932 through 1937. Two parallel contracts, 
under the management of NASA Lewis, were completed 
in late 1982 by LNR Communications, Inc. and ITT 
Defense Communications Division. Figure 1 shows 
the basic functional design of these receivers. 1 
Both LNR and ITT used an image-enhanced diode mixer 
for the receiver front end, followed by a FET IF 
amplifier. The designs varied in method of local 
oscillator (LO) generation and operating frequency. 
The resulting hardware consisted of a complete 
receiver unit, requiring only dc bias and an 
L0 reference. 

NASA Goddard Space Flight Center Initiated a 
contract with Hughes Aircraft Company, Microwave 
Product Division, which resulted in the delivery 
of completed receiver models in the fall of 1984. 
One receiver was sent to NASA Lewis for evaluation 


under the Lewis satellite communication system com- 
ponent test program. As shown in Fig. l' the 
Hughes design consists of a hybrid combination of 
GaAs FET microwave integrated circuits (MIC's) 
developed by Hughes for this project.^ The 
receiver front end is a 30 GHz GaAs FET lew noise 
amplifier (LNA) MIC, which is followed by an MIC 
mixer and an IF amplifier. The L0 is an internally 
generated 22 GHz FET dielectric resonator oscilla- 
tor. The complete receiver package requires only 
a dc bi as . 

These three receivers are generally intended 
for use in 30/20 GHz satellite communication sys- 
tems with single-feed satellite receive antenna 
systems. Such an antenna system may consist of a 
single feed horn or a feed-horn cluster whicn would 
permit a beam-hopping system. This system wculc 
consist of an array where different groups of feed 
horns are switched on to provide receive coverage 
scanning geographically isolated areas. In all 
these cases, the received signal is collected and 
combined to provide an input signal to a single 
receiver. 

For electronical ly scanned antenna systems, a 
multi-element phased array antenna is used. This 
system consists of an array of antenna elements, 
each connected to an individual receiver which 
includes controllable phase shifters and variable 
gain amplifiers. Control of these elements allows 
the antenna beam to be spatially scanned. Eacn 
receiver processes only a portion of the signal 
incident on the antenna. The receiver outputs are 
then combined into single received signal. For 
this type of system, a monolithic microwave inte- 
grated circuit CMMIC) receiver is required. There- 
fore, a development program was initiated by NASA 
Lewis in 1982. Contracts were awarded to Hughes 
Aircraft Co., Microwave Products Division^ and 
Honeywell Sensors and Signal Processing Lab^ for 
the development of a 30 GHz monolithic receiver. 

The receivers consist of an LNA, mixer, gain con- 
trol amplifier (GCA), and phase shifter. Although 
both contractors were to meet the same program 
goals, Hughes and Honeywell used different design 
approaches. Honeywell performed all amplification 
and phase shifting at 30 GHz, while Hughes did the 
phase shifting at the LO frequency and the GCA at 
the IF. Extra filtering and amplification were 
added by NASA Lewis to create a complete satellite 
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receiver in order to allow testing. The block dia- 
grams of the Honeywell and Hughes MMIC receivers 
are shown In Fig. 3 and 4, respectively. 

Test Results 

To determine their performance in a high data 
rate digital satellite transmission system, the 
receivers were tested In the automated measurement 
system shown in Fig. 5. The system simulates an 
end-to-end satellite communications link, operating 
at a data rate of 220 Mbps. The modulation type is 
serial minimum shift keying CSMSK). Discrete 
amounts of noise are added at the system output to 
allow measurement of the BER as a function of 
Eb/No. 4 An example of the results of such admeas- 
urement is shown in Fig. 6 for the five receivers 
tested at an input power level of -30 dBm. 

A summary of the test results obtained is 
given in Table I. The RF test data is presented 
in detail in Refs. 1 to 3, 5 and 6. The BER data 
given represents the degradation of the measured 
curve, in dB, compared to the theoretical curve, 
at a BER of IQ- 6 . For a typical system, the 
receiver with the highest gain and lowest noise 
figure should give the lowest BER. At the lower 
power levels, the BER performance is directly 
related to the noise figure of the receiver. A 
BER of 10“ 8 could not be obtained for the Honeywell 
receiver below a -50 dBm input and for the Hughes 
MMIC receiver below -30 dBm input because of their 
high noise figure. The Hughes MMIC receiver 
performed poorly because the LNA operated optimally 
at 32-34 GHz; at 30 GHz, the noise figure was very 
high and no gain was obtained. The Honeywell MMIC 
receiver used a two-stage LNA. Honeywell's final 
design will use a six-stage LNA, which will provide 
a significant gain increase and noise figure 
reduction. In NASA’s tests, the MMIC receivers, 
consisting of two or more interconnected MMIC fix- 
tures, suffered significantly from interstage mis- 
match problems . 

At higher power levels, the noise figure was 
not a factor in BER performance except for the 
Hughes MMIC receiver. The most important factor 
above -50 dBm was the frequency response of the 
combined receiver and test system. Due to the var- 
ious output operating frequencies of the receivers, 
it was not always possible to test them at their 
optimum design frequency and the band center of 
the test system simultaneously. Therefore, the 
variation of BER results between the receivers at 
the higher power levels does not necessarily 
indicate significant performance differences. We 
consider any BER degradation less than 3.0 dB to 
Indicate acceptable receiver performance. 

Conclusion 

In general, digital satellite communication 
systems are required to provide a maximum BER of 


10~ 6 . The Hughes MMIC receiver is the only one 
which did not meet this criteria at the power lev- 
els tested. The other receivers met this criteria 
with a maximum Eb/No degradation of 2.5 dB for an 
input power of .-30 dBm. System performance degra- 
dation is observed when the receiver input pcwer is 
reduced to the noise figure limit of the. receiver . 
Thus, the receiver noise figure is a limiting fac- 
tor in system performance. The three hybrid 
receivers performed well for input powers as lew 
as -50 dBm. 

The MMIC receivers performed poorly relative 
to the hybrid receivers. Since an MMIC scanning 
antenna system would combine the outputs of many 
MMIC receivers, the system Eb/No obtained would be 
higher than for each individual receiver. There- 
fore, adequate system performance may still be 
obtained with these receivers. In addition, fur- 
ther Improvements in MMIC design and optimization 
are likely to improve performance. 
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TABLE I. - SUMMARY OF TEST RESULTS FOR FIVE 30 GHz SATELLITE RECEIVERS 


Parameter 

Receiver 


LNR 

Communications 

1982 

ITT Defense 
Conmuni cat Ions 
1982 

HAC Microwave 
Products Dlvison 
1984 

Honeywe 1 1 

Sensors and Signal 
Process Lab 
1987 

HAC Microwave 
Products Division 

Input band, GHz 

27.5 to 30.0 

27.5 to 30.0 

27.5 to 30.0 

. 27.5 to 30.0 

27.5 to 30.0 

Output band, GHz 

37 to 6.2 

2.3 to 4.3 

5.5 to 3.0 

4.5 to 7.0 

3.0 to 5.5 

LO frequency, GHz 

23.8 

25.2 

22.0 

23.0 

24.5 

Gain (maximum) , dB 

22 

19 

41 

13 

-5.2 

Gain variation 
over 2.5 GHz, dB 

3.3 

4.3 

5.2 

5.2 

5.0 

Noise figure (minimum). dB 

5.8 

6.3 

3.7 

14.0 

>20 

Input VSHR 
(Max. over 2.S GHz) 

2.3:1 

3.4:1 

*1 .3:1 

3.6:1 

>10:1 

Output VSHR 

(Max. over 2.5 GHz) 

1.7:1 

1.4:1 

Z.3:l 

3.5:1 

3.8:1 

1 d8 Compression point 
midband (Input) , dBm 

-7 

-a 

-27 

-3 

-2 

8ER degradation , 

-30 dBm In, HPA saturated, dB 

1.1 

2.0 

2.6 

0.9 

6.3 

8ER degradation, 

-40 dBm In, HPA saturated, d8 

1 .0 

i 

2.1 

1.5 

2.5 


8ER degradation, 

-50 dBm In, HPA saturated, dB 

1 .2 

2.5 

2.5 

18.4 


BER degradation, 

3.8 

6.6 

2 . 5 



-60 dBm In, HPA saturated, dB 





Dynamic range 
at -10 dBm Input, dB 

N/A 

N/A 

N/A 

>13 

>18 

Insertion phase envelope 
as a function of gain, deg 

N/A 

N/A 

N/A 

r!0 

*15 

Gain envelope as a 

function of phase state, d8 

N/A 

N/A 

N/A 

= 2 


Phase shifty 

phase shift increment, deg 

N/A 

N/A 

N/A 

360/ 

11.25 

180/ 

Continuous 

Design topology 

Hybrid 

Hybrid 

Hybrid - MIC 

Mu’ ti pi e-chl o 
MMIC 

Mul ti pi e-chi p 
MMIC 


a Hughes measurement 


RF INPUT 
27.5 -30.0 GHz 



IF OUTPUT 
(LNR: 3.7 -6.2 GHz) 
(ITT: 2.3 -4.8 GHz) 


1.68 GHz 500 MHz 

REFERENCE REFERENCE 

(ITT) (LNR) 


Figure 1 . • Functional block diagram for the LNR Communications, Inc., and ITT Defense Communications 30 GHz 
low noise receivers. 
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RF INPUT 
27.5-30.0 GHz 



IF OUTPUT 
5.5 -8.0 GHz 


Figure 2. - Functional block diagram for the Hughes Hybrid - MIC 30 GHz low noise receiver. 


RF INPUT 
27.5 - 30.0 GHz 


NASA LEWIS COMPONENTS 



HONEYWELL MMIC's (5> + 1 4 dBm 


IF OUTPUT 
(4.5 - 7.0 GHz) 


Figure 3. - Honeywell MM1C receiver test configuration. 


RF INPUT 
27.5 -30.0 GHz 


NASA LEWIS COMPONENTS 



IF OUTPUT 
3.0 -5.5 GHz 


24.5 GHz LO. 

Figure 4. - Hughes MMIC receiver test configuration. 
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220 Mbps 


3.373 GHz 

CENTER 

FREQUENCY 


27.5 -30.0 GHz 
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FREQUENCY 


2.5 GHz BW 
WITHIN 
2.0 - 8.0 GHz 
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3.373 GHz 

CENTER FREQUENCY 


20 Mbps 


GROUND I NOISE 

TERMINAL * INSERTION/ 

DOWN- Eb/N 0 

CONVERTER CALIBRATION 


220 Mbps 
SMSK 

DEMODULATOR 


DATA 

CHECKER/ 

BER 

CALCULATION 


EXPERIMENT CONTROL 
AND MONITOR COMPUTER 


Figure 5. - Block diagram of the receiver BER measurement system. 



4 6 8 10 12 14 16 18 


Eb/No, dB 

Figure 6. - Measured BER curves, for the LNR, ITT Hughes 
Hybrid-MIC, Honeywell MMIC, and Hughes MMIC 
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ABSTRACT 

Optical distribution of control signals in electronically steered phased array antennas 
is being considered. This paper describes a demonstration experiment in which a 
high speed hybrid GaAs optoelectronic integrated circuit (OEIC) was used to 
control an eight element phased array antenna. The OEIC, which accepts a serial 
optical control signal as input and converts it to 16 demultiplexed parallel outputs, 
was used to control the monolithic GaAs phase shifters of a Ka-band patch panel 
array antenna. Antenna pattern switching speeds of 2.25 |is, limited by interface 
circuitry, were observed. 


1. INTRODUCTION 

Because of advantages such as low weight and high beam steering speeds 
offered by phased array antennas, future NASA missions such as Mars Rover and 
Mission Planet Earth call for the use of such antennas for purposes of 
communication and radiometry.[l] While the development of steerable microwave 
frequency phased arrays has been stymied in the past by the lack of small phase 
shifters and power amplifiers, recent advances in GaAs monolithic microwave 
integrated circuit (MMIC) technology have resulted in the development of high 
quality integrated power amplifiers and phase shifters.[2] With these advances, 
large arrays, on the order of 100 to 1000 elements, are becoming feasible. 

The use of such a large number of elements at millimeter wave frequencies 
presents unique challenges in the distribution of RF and control signals to each 
element because of the small element spacings involved. As a way to surmount 
this problem, various fiber optic-based solutions have been proposed and 
investigated. Optical fibers hold much promise for use in large phased arrays 
because of their light weight, low attenuation, mechanical flexibility, large 
bandwidth, and immunity to cross talk and EMI. As the operational frequencies of 
arrays increase, the amount of available space for interconnection of elements 
decreases, so multiplexing of control signals onto a single fiber would clearly be 
advantageous. This would allow beam control data to be brought from a data 
source and be distributed locally to the phase shifters and amplifiers while 
simultaneously achieving a reduction in weight and space consumed.[3] When this 
is done, the input data rate becomes high even though the rate to an individual 
control line may be low. In this paper we describe the use of a single optical fiber 
to distribute control data to the phase shifters of an eight-element array. 
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2. EXPERIMENTAL ARRANGEMENT 


A system consisting of a phased array antenna, an optoelectronic integrated 
circuit (OEIC) controller, and optical source and fiber, and the necessary 
electronics, shown schematically in Fig. 1, was set up to demonstrate optical 
control of a phased array antenna. The OEIC, which has been described in a 
previous publication, [4] is a hybrid device that requires a serial optical bit stream 
input, as well as electrical clock and synchronization inputs, and produces 16 
parallel, demultiplexed, electrical outputs and a data valid (clock divided by 16) 
output. It is capable of operation at speeds up to approximately 300 Mb/sec. 

The antenna, shown in Fig. 2, was developed by Honeywell[5] for 
another program, and is a narrow band, eight element system that is tuned to 
28.2 GHz. It has an eight-way corporate feed network that divides the input 
power equally among eight phase shifters that, in turn, feed the eight radiating 
elements, each of which consists of 10 patches spaced by 1.94 cm. Each phase 
shifter is a 4-bit device that has 16 possible delay settings in 22.5° increments from 
0° to 337.5°.[6,7] The 64 control lines are brought out to two ribbon connectors 
on opposite sides of the antenna. A phase look-up table was available to permit 
compensation for path length differences within the feed network in establishing an 
antenna beam direction. As a result of process tolerances the pinchoff voltages of 
the FET's in the antenna phase shifters ranged from -5 V to -6 V, and a voltage 
control circuit to accommodate this was obtained from Honeywell. 

Since the OEIC and the antenna phase shifters were not designed to be 
directly interfaced, voltage level shifting was required between the two systems. 
The OEIC was therefore used to control an electronic switch which, in turn 
controlled the voltages applied to the phase shifters. Rather than controlling all 32 

bits of the array (8 shifters x 4 bits/shifter), eight bits were strategically selected so 
that by changing only these bits the antenna pattern could be switched between 
normal to the plane of the antenna and 20° from the normal to the plane. For the 
optical control experiment an oscillator/amplifier combination was used to feed a 
28.2 GHz signal, at +21 dBm, to a 25 dB horn that served as a transmitter 
radiator. An HP 8018 data source was programmed to output a sequence of data 
so that the demultiplexed outputs of the OEIC, that controlled the previously 
selected eight antenna phase shifter bits, would alternate between high and low 
levels at 200 KHz. The array was centered on and perpendicular to the hom axis, 
with a separation of 3 m. 

3. EXPERIMENTAL RESULTS 

Toggling the phase shifters between the two states caused the array pattern 
to alternately point directly toward the transmitter, then 20° from it, with the result 
that the output signal from the antenna alternated from a maximum to nearly zero, as 
shown in Fig. 3. In the figure the top trace is one OEIC output data line and the 
lower trace is the amplified detector output. (In the lower trace the response speed 
was limited by the time constant of the detector that was used to record the antenna 
output.) In this experiment the clock frequency was 50 MHz, the average optical 
power to the OEIC was 200 |iW and the beam switching rate was 3.2 jis. By 
rearranging the data pattern the switching rate could be reduced to 2.25 |i.s, but in 
all cases the maximum switching speed was limited by the interface circuitry. 
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4. CONCLUSIONS 


In this paper we have reported the results of an experiment involving the 
optical control of a 28.2 GHz phased array antenna. In this work an eight element 
antenna was controlled by the demultiplexed output of a single optically fed 
controller, demonstrating die feasibility of applying such devices to the antenna 
control problem. The speed of switching was limited by the interface circuitry to 
2.25 p.s. 

The authors wish to acknowledge the assistance and support of Doug Carlson, 
Mark Vickberg, and Vladimir Sokolov of Honeywell's Sensors and Signals 
Technology Center. 
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Fig. 1. The 8-element Ka-band phased array antenna. 



Fig. 2. Experimental arrangement 



Fig. 3. Antenna switching results. Top trace: Single data line of antenna control 
signal. Vertical scale: 60(J.V/div.; Bottom trace: Detector output. Vertical 
scale: 4 mV/div. Horizontal scale for both traces: 2 ps/div. 


21 










NASA Technical Memorandum 103110 


Performance of a 300 Mbps 1:16 
Serial/Parallel Optoelectronic 
Receiver Module 


M.A. Richard and P.C. Claspy 
Case Western Reserve University 
Cleveland, Ohio 

K.B. Bhasin 

Lewis Research Center 

Cleveland, Ohio 

and 

M.B. Bendett 
Honeywell, Inc. 

Bloomington, Minnesota 


Prepared for the 

Technical Symposium on Optical Engineering and Photonics 
in Aerospace Sensing 

sponsored by the Society of Photo-Optical Instrumentation Engineers 
Orlando, Florida, April 16-20, 1990 




22 



E-5434 


Performance of a 300 Mbps 1:16 serial/parallel 
optoelectronic receiver module 

M.A. Richard, P.C. Claspy 

Case Western Reserve University, Department of Electrical Engineering 

Cleveland, OH 44106 

K.B. Bhasin 

NASA Lewis Research Center 
21000 Brookpark Rd., Cleveland, OH 44135 

M.P. Bendett 

Honeywe II, Inc. 

Bloomington, MN 

ABSTRACT 


Optical interconnects are being considered for the high speed distribution of 
multiplexed control signals in GaAs MMIC-based phased array antennas. This paper 
describes the performance of a hybrid GaAs optoelectronic integrated circuit (OEIC), 
along with a description of its design and fabrication. The OEIC converts a 16-bit 
serial optical input to a 16 parallel line electrical output using an on-board 1:16 
demultiplexer and operates at data rates as high as 305 Mbps. The performance char- 
acteristics as well as potential applications of the device are presented. 

INTRODUCTION 


The advantages of large directly radiating phased array antennas for rapid beam 
scanning are well known, but conventional hardware is heavy and bulky, and architec- 
tures for implementing these arrays have resulted in cumbersome, topologically com- 
plex, and high loss internal distribution systems. GaAs monolithic microwave Inte- 
grated circuits (MMIC’s), which have undergone extensive development and which could 
be used as array output modules, represent a major step toward improved and light 
weight arrays 1 . Yet, the interconnection of these devices into a beam formation 
network (BFN), is still a rather formidable problem. Conventional methods carrier 
and control signal distribution to the radiating elements suffer from cross talk and 
electromagnetic interference between elements. To alleviate these problems, several 
optics-based signal distribution methods have been proposed as solutions. Among the 
propose methods are those which use fiber optics to interconnect the BFN’s 2-5 , and 
those which use optical processing within the BFN’s. 6-9 

The work described here is addressed toward the meeting of needs of fiber optic 
interconnected BFN’s. The GaAs MMIC’s in a phased array antenna are relatively com- 
plex. They Include a variable phase shifter and a variable power amplifier which 
permit the creation of the aperture phase and amplitude distribution that is appro- 
priate to the desired radiated beam configuration. Some proposed architectures also 
Include a local oscillator and a mixer at each antenna element. 10,11 In fiber optic 
interconnected systems, optical fibers would be used to carry the control signals to 
the variable phase shifters and amplifiers as well as the signal to be transmitted 
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and the local oscillator phase locking signal. All control signals for the array 
including phase shifter and amplifier control signals could be multiplexed onto one 
optical channel as seen in Fig. 1. Although the actual rate at which a single phase 
shifter or power amplifier requires data may be low, the large number of elements 
involved necessitates a high overall data transfer rate, and thus a wide bandwidth 
channel will be required. Some demonstrations of the use of optical Interconnects 
in phased array applications, using discrete components, have been reported 1 *, and 
Crow et. al . , have reported a demultiplexing OEIC 13 . In this paper we report on the 
design and fabrication of a hybrid, high speed GaAs MESFET integrated circuit opti- 
cal receiver/demultiplexer. 

The constructed device is a hybrid optoelectronic integrated circuit (OEIC). 
Two GaAs circuits, an optical receiver and a demultiplexer, are packaged together in 
a 34-pin flatpack with a fiber pigtail attached for optical input. The inputs to 
the OEIC are a 16 bit optical serial data stream at 830'nm, an electrical high-speed 
clock, and a synchronization signal (FWBO). The outputs are 16 parallel TTL-level 
electrical outputs and an input clock divided by 16. 

DESIGN AND FABRICATION 

A PIN photodiode was chosen in place of the conventional MSM photodetector 
because of its superior noise performance, its speed capability, and its enhanced 
photosensitivity. It also has the advantage over the MSM or NPN structures commonly 
used for monolithic integration in that it can be operated in the photovoltaic mode 
if necessary since it is an asymmetric device. It was implemented using an Inter- 
digitated structure (2 pm finger width, 5 pm finger spacing) with an overall size of 
40 pm X 60 pm. To achieve high speed and sensitivity a multi-stage differential 
amplifier is used to boost the signal from the detector up to logic levels. This 
amplifier consists of a transimpedance input stage followed by two additional capa- 
citively coupled stages, each with a gain of approximately 10 dB. A constant output 
level is achieved by using a digital amplifier output section. The output from the 
receiver chip is fed into the 1:16 demultiplexer, that employs direct coupled FET 
logic (DCFL) circuitry. Although this does not necessarily provide the optimum 
speed and power dissipation characteristics, it permits circuit construction using 
established design rules which have been proven during previous development pro- 
grams. In order to keep the electrical power consumption as low as possible and to 
reduce the number of high speed circuits, the demultiplexer design incorporated a 
high speed front end followed by lower speed stages. The outputs of the demulti- 
plexer chip were designed to drive a TTL load and therefore are the major power con- 
sumers in the OEIC. 

Optical input to the circuit is achieved through the use of a pigtailed optical 
multimode fiber with a 50 pm core. The fiber is mounted flush on top of the optical 
receiver wafer. By polishing the end of the fiber at a 58 degree angle, total 
internal reflection occurs and the light is forced to exit through the side of the 
fiber. This scheme allows the use of a planar photodiode without the need to bring 
the fiber in perpendicular to the device. In addition, some focusing of the light 
is provided by the fiber’s curved surface. 

All of the circuits were designed using Honeywell GaAs E/D MESFET design and 
layout rules, and the entire OEIC is amenable to monolithic integration on a single 
chip. The design was implemented using Honeywell’s GaAs Self-Aligned Gate MESFET 
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process, which Is based on selective ion implantation into 3-inch GaAs substrates. 
Efforts were made initially to fabricate the integrated optical detectors using the 
standard E/D MESFET implants. In the final fabrication, however, the process was 
modified to add deep n+ and p+ implants for the PIN detector to permit more effi- 
cient collection of carriers that are photogene rated below the wafer surface. The 
basic process uses 1 pm gate length FET’s with Vt’s of -0.6 V for Dmode and +0.3 V 
for Emode devices. Photolithography is accomplished using a projection aligner with 
die-by-die alignment. (A cross-sectional view of a wafer at various points in the 
fabrication process is shown in Fig. 2) In this process, Be and Si are implanted 
through a thin Si 3 N< implant cap to form the p-buried layer as well as the enhance- 
ment and depletion channels, as shown in Fig. 2a. After channel activation the 
anneal cap is stripped and the refractory metal gate is sputter-deposited and pat- 
terned using reactive ion etching. This gate metal then serves as. the self-aligned 
Implant mask for the n+ source and drain implants of the FET’s, with photoresist 
masking outside the device areas. (Fig. 2b) Finally, the PIN detector Is photo- 
lithograph i call y defined and the deep n+ and p+ implants are made, then annealed 
with a Si 3 N* cap, using a rapid optical annealer. Ohmic contacts are formed by 
evaporation using a AuGe-based metal and then lifted off and sintered (Fig. 2c), and 
Interconnect metallization consists of two-level metals defined by a dielectric- 
assisted liftoff (DAL) technique. This DAL process, together with filled VIA’s for 
interlevel interconnects, permits a complete planarity of the chip topology, which 
is Important in obtaining a high yield for LSI/VLSI fabrication. Both interconnect 
levels have sheet resistances less than 0.07 ohms per square, which provides for low 
IR drops and small RC time constants in complex high-speed circuits. 

OPERATION 


For testing and characterization the completed circuits were packaged in a 34 
lead flatpack with a fiber pigtail. These flatpacks were then mounted in a test 
fixture for an initial performance test. The test fixture is a circuit board with a 
card edge connecter for the power supply inputs, and coaxial connections for the RF 
inputs and demultiplexer outputs. A compression clamp connects the flatpack leads 
to the circuit board tracings. An HP 8080 serial word generator was used to 
directly modulate an Ortel laser through an HP bias tee, which in turn fed into the 
optical controller. The word generator was programmed to cycle a 64 bit word output 
in an NRZ format, and by viewing the demultiplexer outputs on an HP sampling oscil- 
loscope the operation of the device was confirmed. Because of the 1:16 demulti- 
plexer, each output of the controller cycled a 4 bit word. The maximum clock fre- 
quency of the controller, limited by the demultiplexer, was found to be 305 MHz. 
Due to the oscilloscope’s 50 Q inputs, the waveforms were limited to an amplitude of 
less than 800 mV. Fig. 3 shows three of the 16 output channels along with the data 
valid line as viewed with a sampling oscilloscope. In this plot the clock frequency 
was 240 MHz, and the input data was a repeated 64 bit word. 

The controller requires less than 200 pW of optical input power. Although 
tests at Honeywell have demonstrated that powers as low as 1 pW are sufficient, 
equipment limitations precluded operation of the device at such low optical powers. 
The electrical power consumption of the controller was found to be always less than 
370 mW, and was measured to be as low as 120 mW in some cases. Because most of the 
power is consumed by the TTL drivers, the terminations of the output leads affected 
the power consumption greatly. 
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Initial tests of the device showed that the outputs had uncertainties. A clean 
output with a definite bit pattern could only be obtained by adjusting the clock 
frequency to certain values. In addition, the bit pattern sent to a specific output 
did not necessarily appear on that output. The latter problem was immediately 
identified as a timing problem in the synchronization (FWBO) signal; the FWBO pulses 
were not arriving at the proper moment so that the demultiplexer would know which 
bit was the first. Because the data was input through the laser, fiber and detec- 
tor/amplifier while the FWBO was input directly into the demultiplexer, the FWBO 
arrived before the corresponding data. Likewise, the output uncertainty problem was 
found to be caused largely by the timing of the high speed clock input, which was 
out of phase with the optically input data because of propagation path length dif- 
ferences. These problems were overcome by using a pulse generator with a variable 
delay control to regenerate both the clock and FWBO signals shifted in time. 

APPLICATIONS 


The optical controller described in this paper was developed primarily for use 
as a phased array antenna controller. As such, the use of the device has been 
demonstrated in the control of monolithic Ka-Band phase shifter , '* and in the con- 
trol of a 30 GHz 8-element phased array antenna. 15 However, many other applications 
are conceivable as shown in Fig. 4. The built in demultiplexer makes this OEIC 
suitable for many high data rate transfer applications Including neural networks, 
signal processing interconnections, and integrated modulator/detector arrays. 

CONCLUSION 


We have described a hybrid MESFET optical controller capable of data rates as 
high as 300 Mbps. The device uses less than 370 mW of electrical power and requires 
less than 200 pW of optical power. Because of the on-board demultiplexer, the OEIC 
has many potential applications beyond its intended phased array antenna applica- 
tion. A fully monolithic version of this device has been fabricated and will be 
tested in the near future. This device shows that optical and digital technologies 
are monolithical ly integratable, and any additional circuitry such as coding or 
clock recovery that can be fabricated using E/D MESFET design can easily be added to 
address a specific application. 
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Fig. 2. Fabrication steps: (a) n, n*, p implantation through Si 3 N< cap, (b) WN met- 
allization, N + implant self-aligned using Si02 side-wall spacers, (c) ohmic contact 
metallization. 
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Fig. 3. Outputs of the OEIC. The top trace is the output clock divided by 16 while 
the lower three traces are data outputs. The input data is a 64 bit repeating word 
at a clock rate of 240 MHz. The ordinate for each trace is 200 mv/div. while the 
timebase is 100 ns/div. 
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Fig. 4. Potential applications of OEIC include signal processing interconnections, 
phased array antennas, detector arrays, and neural networks. 
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Summary 

In :erdi gi tated photoconduct ive detectors have 
been fabricated on microwave device structures, 
making them easily integratable with MMIC' s . 

Detector responsivity as high as 2.5 A/W and an 
external quantum efficiency of 3.81 were measured. 
Response speed was nearly independent of electrode 
geometry, and all detectors had usable response at 
frequences to 6 GHz. A small signal model of ^ the 
detector, based on microwave measurements is also 
deveiopec . 

Introduction 

Over the past few years technology advances 
have occurred which have increased the possibility 
that in the near future phased array antennas com- 
posed of monolithic microwave Integrated circuits 
t MMIC 1 s ) will become a practical reality. 1 To take 
maximum advantage of the potential size reduction 
that this advance represents it will be essential 
to effect a similar size reduction in the chip-to- 
chip high frequency interconnects that the system 
will require. Various authors have suggested that 
fiber optic links, which are small and lightweight, 
may be a viable alternative to coaxial cables and 
waveguides for this application. If these links 
are to be practical, however, high frequency opti- 
cal transmitters and receivers must be available, 
and it would be particularly desirable that opti- 
cal components be process- and material-compatible 
with GaAs heterostructure MMIC's so that they can 
be integrated onto the same chip. 

In this paper we report the results of a study 
of the optical and electrical characteristics of 
i nterdi gi tated photoconducti ve detectors of various 
geometries that were fabricated on a HEMT-type het- 
erostructure material. The operating wavelength 
was chosen to be 820 nm. 
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Detector Fabrication 

The detector: were fabricated on the MEE- 
grown GaAlAs/GaAs heteros T"ucture material mown 
schematically in Fig. 1. A typical detector is 
shown in Fig. 2. In terdi gi tated electrode geome- 
tries, with finger spacings ranging from 1 to 4 «jn, 
were used because they increase the effective 
active area of the detector while keeping the tran- 
sit distance small. Since the GaAlAs window era: 
remains after fabrication is essentially transca-^ 
ent to the incident 820 nm radiation, almost a’! of 
the photon absorption, and therefore the electr:~- 
hole pair generation, cccjrs within the uncccec 
GaAs layer. For testing, the detectors were mounted 
directly on the Teflon insulation of a specially 
prepared length of semi-rigid coaxial cable, wi :n 
short wire-tended leads to the center conductor 
and the shield. 

Optical Res cense Measurements 

Frequency domain response measurements we^e 
made over the range 0.01 to 10 GHz using the system 
shown schematically in Fig. 3, and normalizes 
responses of detectors of three different geometries 
are shown in Fig. 4. The detectors exhibit nearly 
identical response dispersion, with a 3 dB cutof: 
frequency at approximately 135 MHz. The gain 
decays at about 12 dE/decade in the decade fcetwee- 
100 MHz and 1 GHz, with a small plateau a: 510 MHz, 
then falls off at 20 dB/decade after a larger pla- 
teau at 1 GHz. The shape of the response suggests 
that device character i st i cs are limited by trapoir.g 
effects . ^ 

Detector respons i vi t i es at 500 MHz, R C 500 mho, 
wore measured using an Ortel SL620 diode laser, and 
lie in the range 0.13 to 0.31 A/W. Cn the basis of 
measurements at 500 MHz, the low frequency respen- 
sivity of the 1 by 1 ym detector was calculated to 
be 2.5 A/W. The (internal) quantum efficiency of 
this detector is 5 . 44 , and the external quantum 
efficiency is 3.81, all of which are comparable to 
results reported for GaAs detectors. 
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Microwave Impedance Measurements and Model 

OC and AC impedance characteristics of the 
detectors were studied under various levels of 
illumination. DC I-V curves for our detectors were 
taken using white light illumination, and a typical 
result is given in Fig. 5. The DC resistance of 
the detectors is low and constant for small bias, 
smoothly increases as the bias is increased, becom- 
ing very large at high bias as a result of carrier 
velocity saturation. The decrease of resistance 
with increasing optical power is also shown in 
Fig. 5. 

The reflection coefficient, Sji, wa $ measured 
oyer the frequency range 0.5 to 5.5 GHz at various 
bias levels and incident white light intensities 
using an HP-4910 Network Analyzer. Some results of 
these measurements are shown in Figs. 6 to 3. Fig- 
ure 6 shows that S|| decreases with detector fea- 
ture size. Fig. 7 shows that it increases with bias 
voltage, at moderate Illumination, and Fig. 8 shows 
that it decreases with increasing illumination, at 
moderate bias. 

A small-signal, high frequency model, consist- 
ing of a parallel RC combination with an inductance 
in series with each node of the RC network, as 
shown in Fig, 9(a), was developed from the measured 
S|i results. The model, which is similar to that 
developed by Wojtczuk and Ballantyne 4 leads to a 
complex impedance given by 

R(V,40 + j u (([_, «• L-) - CR 2 (u.$>} 
l \ ( 1 ) 

1 + o>CR 4 ( V ,<t>) 

where the resistance, R(V,$>, Is a function of both 
the OC bias and the illumination. 

The light intensity primarily affects R, 
which at low bias drops from well over 100 Q at 
ambient to only a few tens of ohms at high intensity. 
Therefore, at low bias and high light level the low 
resistance effectively short-ci rcul ts the device 
capacitance, reducing the impedance to 

l - R ♦ ju(L] + l2>, (2) 

as shown in Fig. 9(b). The AC resistance was 
observed to Increase significantly with bias, so 
that at high bias the complex Impedance eventually 
simplifies to 


Z . JL_ . i. 
uCR 2 “ C ’ 


(3) 


as shown in Fig. 9(c). This change from inductive 
to capacitive behavior suggests the possibility of 
a^zero reactance operating point by the elimina- 
tion of any RC or R/L time constants if the 
detector is time constant limited. The impedance 


of the zero reactance point is determined by set* 
ting the imaginary part of Eq. (1) equal to zero. 
Then, if (^CR 4 ) << 1, the impedance reduces to 

Z = -^(ti 1 lJT/C*. r x ) 

which for our devices is about 250 Q at somewhat 
less than 3 V bias . 

Summary and Conclusion 

The high frequency characteristics of inter- 
digitated photoconduc ti ve detectors fabricated on 
a HEMT structure have been presented. The fabri- 
cation process was completely compatible with that 
used to fabricate MCDFET's making these detectors 
easily integrable for MMIC usage. It should be 
noted that while the detectors did net eoibit an 
extremely high bandwidth, they did possess usable 
response well into the GHz range, and the cnange 
from inductive to capacitive reactance with bias 
suggests the possibility of a zero reactance oper- 
ating point. In conclusion, then, the combination 
of fabrication compatibility and performance char- 
acteristics makes these devices interesting for 
interconnection applications. 
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A High-Speed GaAs MESFET Optical Controller 
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M. BENDETT, member, ieee, G. GUSTAFSON, and W. WALTERS 


A b struct— Optical interconnects are being considered For control signal 
distribution in phased array antennas. This paper describes a packaged 
hybrid GaAs optical controller with a 1:16 demultiplexed output that 
is suitable for this application. The controller, which was fabricated 
using enhancemenl/depletion mode MESFET technology, operates at 
demultiplexer-limited input data rates up to 305 MbitsA and requires 
less than 200 //W optical input power. 


Introduction 

P HASED array antennas are being considered for mi- 
crowave and millimeter wave communication systems that 
will be used on future satellites and space vehicles [1]. The 
requirement for control of the phase and amplitude of signals 
at each of the several hundred monolithic microwave inte- 
grated circuits (MMIC's) that would constitute such an array 
necessitates the transfer of a large amount of control data to 
phase shifters and amplifiers in a short period of time when 
the beam direction is to be changed. One possible method of 
transmitting these data, with a concurrent reduction in weight 
and power consumption over more conventional methods, is 
to multiplex the control signals onto optical carriers, transmit 
the resulting signals to optical receiver-demultiplexers on the 
antenna, and distribute the demultiplexed control signals lo- 
cally [2]. The requirements imposed upon optical links for this 
application are different from those imposed by telecommu- 
nications applications because of the short distances involved 
and the burst nature of the data. Furthermore, this type of link 
places an emphasis on reducing power, weight, and size over 
considerations such as dispersion and attenuation. Therefore, 
integration of the complete receiver/demultiplexer can provide 
a significant enhancement of the system. 

Over the past several years, various authors have re- 
ported optoelectronic integrated circuits ranging from a 
diode-preamplifier combination [3] to detector-amplifier cir- 
cuits [4] to an optical receiver with clock recovery [5]. In this 
letter, we report on the design, fabrication, and characteris- 
tics of a packaged hybrid integrated circuit optical controller 
consisting of two integrated submodules. As shown schemat- 
ically in Fig. 1, the integrated submodules of our controller 
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OPTICAL RECEIVEH DEMULTIPLEXER 


Data Out 



Fig. 1. Block diagram of the controller. 



Detector Transimpedance Differential Comparator 
Amplifier Amplifiers 


Fig. 2. Block diagram of the optical receiver section of the controller 

are an optical receiver, consisting of a photodetector and a 
three-stage amplifier with a comparator-based output, and a 
demultiplexer with output line drivers. The required input sig- 
nals to the controller are an 830 nm optical serial data stream 
to the detector and electrical clock and synchronization signals 
to the demultiplexer. The output is 16 parallel TTL-compatible 
data streams and a clock at 1/16 of the input clock rate. 

Fabrication 

Since the intended application of the controller is in satellite- 
based systems, low pow-er consumption was a primary' design 
criterion. To ensure this low power consumption as well as 
for process simplicity' and reproducibility we chose to em- 
ploy enhancement/depletion mode (E/D-mode) GaAs MES- 
FET technology for both the receiver and the demultiplexer. 
This common technology will also permit future monolithic 
integration of the controller. The fabrication was based upon a 
refractory metal self-aligned gate process which is similar to a 
submicron process that was previously reported [6]. The only 
modifications to that process were that a 1 gate length 
was used here and that deep and p+ implant steps were 
added so that the p-i-n photodiodes could be fabricated. 

Circuit Design 

The receiver section, shown schematically in Fig. 2. con- 
sists of an interdigitated p-i-n photodiode, a three-stage ampli- 
fier, and an output comparator. The optical input is laterally 
coupled through the cladding of a multimode fiber (50 ^.m 
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Data In 
From OMUX 


Fig 3. Block diagram of the demultiplexer-output driver section of the 
controller 


core) to the photodiode. The fiber is mounted with its axis 
parallel to the wafer surface and the fiber end is polished at 
a 58" angle to ensure total internal reflection. The light exits 
through the curved side of the fiber, which provides some fo- 
cusing onto the detector [7], The three-stage amplifier consists 
of a transimpedance input amplifier followed by a two-stage 
high-gain differential amplifier to increase sensitivity while 
allowing high speed. Capacitive coupling is used between am- 
plifier stages to reduce sensitivity to dc offsets resulting from 
mismatch between the complementary amplifier stages. Each 
stage of the amplifier produces a gain of 8-11 dB. and the 
power consumption of the amplifier is less than 100 mW. 

The demultiplexer was designed using direct-coupled FET 
logic (DCFL) in a multistage circuit which operates at input 
data rates greater than 200 Mbits/s. Fig, 3 is a block diagram 
of the circuit, which has a high-speed front end followed by 
lower speed stages. This design reduces power consumption 
and limits the number of circuits that must be tightly cou- 
pled to the high-speed clock. It was used largely because it 
is based upon existing circuitry, although it does not neces- 
sarily provide optimum power and speed characteristics. The 
output drivers were designed for TTL levels and as a result 
they are the most power-consuming portion of the chip. The 
power dissipation in this stage is dependent upon the output 
logic states and upon the specific voltage level required of the 
TTL load driver. 

Operation 

The packaged controllers were tested in a fixture that per- 
mits separate observation of any of the 16 data output chan- 



Fig. 4 Example of controller outputs. Top trace is the output clock and the 
remaining traces are three output data channels. The input data was a 64 
bit word stream at a dock rate of 240 MHz. The ordinate for each trace 
is 200 mV.’div and the abscissa is 100 ns/div. 

nels. To characterize the controller, the data output (NRZ for- 
mat) from a word generator was used to directly modulate the 
output of a laser diode, which in turn provided data input to 
the receiver section. Concurrently, the clock and first word bit 
zero (FWB0) from the word generator were input as electrical 
signals directly to the demultiplexer section of the controller, 
as shown schematically in Fig. 1. 

The demultiplexed outputs of the controller were observed 
with a sampling oscilloscope, and an example of three of 
these, along with the output clock, is shown in Fig. 4. In 
this example, the input clock was 240 MHz and the input data 
was a repeated 64 bit word. By adjusting the dc operating 
point of the laser and the level of the ac drive powder to it, 
the minimum average optical power required by the controller 
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was found to be less than 200 /iW. The maximum clock rate 
of the tested controller, which is limited by the demultiplexer, 
was measured to be 305 MHz. 

Conclusion 

In this paper, we have described the design and operating 
characteristics of a packaged hybrid low-power GaAs MES- 
FET demultiplexing optical controller that is suitable for use in 
controlling a phased array antenna. The two submodules of the 
controller were fabricated using identical technologies, mak- 
ing monolithic integration possible. The controller operates at 
input clock speeds greater than 300 MHz, and it requires less 
than 200 /xW of optical power as the input signal and less than 
370 mW of electrical power. 
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Abstract — The use of a high-speed optical interconnect in the control of 
a /fa -band GaAs monolithic phase shifter is described. A 16 b serial 
control signal was used to modulate the output of a laser transmitter, and 
the transmitted optical signal was detected and demultiplexed into 16 
parallel electrical outputs using a high-speed hybrid GaAs optoelectronic 

integrated circuit (OEIC). Four of the parallel output lines were Interfaced 
to the 4 b phase shifter, and high-speed, optically controlled switching of 
the phase shifter was observed at clock frequencies to 30 MHz using an 
interferometric technique. 

I. Introduction 

GaAs monolithic microwave integrated circuits (MMIC’s), 
which could be used as array output modules, represent a major 
step toward improved, lightweight directly radiating phased array 
antennas for space communications applications [1]. The inter- 
connection of these MMIC modules into a beam forming net- 
work (BFN), however, still represents a rather formidable topo- 
logical problem that requires innovative solutions. In an effort to 
overcome these problems a variety of optics-based BFN’s have 
been proposed [2]- [4]. 

The GaAs MMIC’s in a phased array antenna are relatively 
complex. They include a variable phase shifter and a variable 
power amplifier which permit the creation of the aperture phase 
and amplitude distribution that is appropriate to the desired 
radiated beam configuration. Some proposed architectures also 
include a local oscillator and a mixer at each antenna element [5], 
[6]. In fiber-optic-interconnected systems, optical fibers would be 
used to carry the control signals to the variable phase shifters and 
amplifiers as well as the signal to be transmitted and the local 
oscillator phase locking signal. Our research is addressed toward 
the meeting of needs for distribution of digital control signals 
within a phased array antenna. Because of the inherent wide 
bandwidth and low loss of optical fibers, all control signals for 
the variable phase shifter and amplifier on a MMIC module, or 
for several modules, could be multiplexed onto one optical chan- 
nel, as shown schematically in Fig. 1, if appropriate optical 
receiver/demultiplexers were available. Even though the required 
data input rate to an individual phase shifter or amplifier control 
line may be modest, the overall multiplexed data rate from the 
controller will be high, and a wide bandwidth channel will be 
required. Some proof-of-concept demonstrations of the use of 
optical interconnects in the context of a phased array, using 
discrete components, have been reported [7], In this paper we 
present the results of the application of a high-speed GaAs 
MESFET integrated circuit optical receiver/demultiplexer to the 
optics-based control of a monolithic /fa-band phase shifter. 


©IEEE. Reprinted, with permission, from IEEE Transactions on Microwave 
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II. The Optoelectronic Integrated Circuit 

The optoelectronic integrated circuit (OEIC) that was used in 
the control of a MMIC phase shifter has been described in a 
previous publication [8]. It consists of two integrated submodules 
that were packaged together in a 34 lead flat pack, with a fiber 
pigtail for optical input, as shown in Fig. 2. The input chip is the 
receiver section, consisting of an interdigitated p-i-n photodetec- 
tor and a three-stage amplifier, and the output chip includes a 
demultiplexer and output drivers [14]. The Inputs to the OEIC 
are a 16 b serial optical data stream and an electrical bit clock 
and synchronization signal. The outputs are 16 parallel TTL level 
data streams and the input clock divided by 16. As reported in 
our previous paper, the demultiplexer-limited maximum clock 
frequency of the controller is 305 MHz. The minimum frequency 
is determined by the capacitive coupling between the amplifier 
stages, so the minimum data rate is dependent upon the pattern 
of the data being sent. 

* III. Optical Control of a Ka~ Band Phase Shifter 

To demonstrate the potential use of the OEIC in a phased 
array context, the demultiplexed outputs of the optical controller 
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Fig. 1. Schematic diagram of an optically interconnected phased array. 



Fig. 2. The packaged optoelectronic integrated circuit 
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Fig. 3. Block diagram of the microwave interferometer. 


were interfaced to the inputs of a 30 GHz 4 b monolithic phase 
shifter that was produced by Honeywell under a separate con- 
tract with NASA, and that has been described in previous 
publications [9]. The 4 b required by the phase shifter control 
three switched lines, each of which requires a bit and its comple- 
ment, and one loaded line. Since the phase shifter and the optical 
controller were developed under separate programs and therefore 
were not designed with the interfacing of the two in mind, a 
voltage level shifting interface circuit was required. The interface 
circuit consisted of inverting gates to generate the complements 
and CMOS analog multiplexers to shift the optical controller's 
TTL outputs to the phase shifter’s required 0 V and -6 V inputs, 
and was the speed-limiting element for this demonstration. 

An interferometric technique was devised to allow real-time 
measurement of fast changes in the effect of the phase shifter on 
the phase of a Ka - band signal. As shown schematically in Fig. 3, 
the phase shifter was inserted in one leg of an interferometer. A 
30 GHz microwave signal of - 8 dBm was applied to the input of 



Fig. 4. Controller and interferometer outputs when three phase shifter bits 
are controlled at a high-speed clock frequency or 30 MHz. The top trace is 
the clock divided by 16. the center three traces arc the OEIC output data, 
and the lower trace is the interferometer output. The ordinate scale is 200 
mV/div for the top four traces and 1 mV/div for the lower trace The 
abcissa scale for all traces is 500 ns/di v. 


a 10 dB power splitter. The higher power output from the splitter 
was fed through the phase shifter input into the output port of a 
3 dB power splitter that was used as a power combiner, while the 
lower power output was input directly into the second port of the 
power combiner. To compensate for the 9 dB insertion loss of the 
phase shifter, a 30 GHz low-noise amplifier [10] was connected to 
the output of the test setup. A crystal detector attached to the 
output of the combiner indicated the level of output power. To 
set the initial condition of the system, the propagation time 
through the phase shifting leg of the interferometer was adjusted, 
by changing the bit settings on the phase shifter, until the 
detector indicated maximum power output, corresponding to 
constructive interference between the two recombined signals. 
Beginning with this configuration, switching the 180° bit of the 
phase shifter caused the power output to fall to zero, indicating 
complete destructive interference, while switching the 45° and 
90° bits caused intermediate levels of destructive interference. 

Three demultiplexed outputs from the OEIC were used, along 
with their complements, to control the 180°, 90°, and 45° switched 
lines of the phase shifter. Since the data input to the controller 
are through the laser, fiber, and detector, while the clock and 
synch (FWBO) are input directly to the demultiplexer as electrical 
signals, problems with timing can cause uncertainties in the 
output waveforms. To eliminate this problem, a delayable trig- 
gered pulse generator was used to adjust the delay of the two 
electrical signals and synchronize them with the optical input. 
For this experiment the average input optical power w r as 250 jxW 
and the high-speed (input) clock was kept at 30 MHz in order to 
slay within the limitations of the level-shifting circuitry. Different 
input data patterns were used to control each phase shifter input 
bit so that combinations of delay lines could be inserted into the 
path and their effects observed. An example of the success in 
combining the OEIC with the phase shifter to control the phase 
of a 30 GHz signal is given in Fig. 4, where one set of input data 
patterns, along with the resulting interferometer outputs and the 
output clock, is shown. It should be noted that there are constant 
delays between the clock and data and between the data and the 
interferometer response. The former are the result of different 
propagation times for data and clock in the OEIC, while the 
latter are the result of delays in the CMOS level-shifting circuit, 
as are the irregularities in the interferometer signal. 

IV. Conclusions 

In this paper we have described the first experiment in which a 
/fa-band monolithic phase shifter is controlled through a high- 
speed fiber-optic interconnect. The interface between the serially 
encoded optical control signal and the electrically controlled 
phase shifter uses a new optoelectronic integrated circuit that 
converts the serial optical input into 16 parallel optical outputs. 
Switching of the 4 b phase shifter at instrumentation-limited 
input clock frequencies to 130 MHz was observed in real time 
using a novel interferometric technique. The optical control of a 
phase shifter in this manner represents a significant step toward 
the development of an optically controlled phased array antenna. 
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n. COPLANAR WAVEGUIDE DEVELOPMENT 



COAX-TO-CHANNELISED COPLANAR 
WAVEGUIDE IN-PHASE N-WAY, RADIAL 
POWER DIVIDER 


Indexing terms: Waveguides , Transmission lines 

A novel nonplanar, wideband power divider which makes 
use of a coax-to-CCPW transition is demonstrated. The tran- 
sition utilises a coaxial transformer whose outer conductor is 
slotted along the length for RF power division and also for 
exciting the CCPWs in equal amplitude and phase at the 
radial junction. The measured (8-1 6 GHz) excess insertion 
loss at the output ports is 0*5 dB for a four-way divider. The 
amplitude and phase balance are within 0 5dB and 5°, 
respectively. The power divider should find applications in 
the feed network of phased arrays. 


Introduction: Channelised coplanar waveguides (CCPW) 1 are 
a new variant of the conventional coplanar waveguide 
(CPW). 2 The CCPW has all the advantages of conventional 
CPW and also has lower radiation loss. In the conventional 
CPW, the loss of power by radiation to free space occurs from 
the printed circuit and the substrate. By embedding the sub- 
strate in a channel, the radiation loss from the substrate is 
suppressed. A practical CPW circuit such as a power divider 
also has several bend and step type discontinuities which can 
excite higher order CPW modes and surface wave modes. 
These modes can propagate if the cross-sectional geometry is 
favourable and may reduce the isolation between adjacent 
circuits besides giving rise to insertion loss spikes. The metal 
channel of the CCPW also acts as an effective barrier against 
interference through the substrate. 


We demonstrate a novel power divider which uses a non- 
planar coax-to-CCPW transition. The new design has advan- 
tages over the conventional planar, in-line Wilkinson type, 3 
power divider. It eliminates the need for right angle bends 
which require dielectric overlays for phase velocity correc- 
tion. 4 It eliminates the unreliable and nonreproducible bond- 
wires which are used to tie the two ground planes to the same 
potential. It is also capable of simultaneously exciting multiple 
odd or even number CCPWs in equal amplitude and phase. 

Radial junction: A coax-to-CCPW in-phase, four-way radial 
power divider is shown in Fig. 1. The junction is formed by 
the intersection of four CCPW lines. Power is coupled to this 
junction from a coaxial cable whose outer conductor is slotted 
along the z direction to form four coupled transmission lines. 
The centre pin of the coaxial line meets the intersecting 
CCPW centre conductors and the four coupled outer conduc- 
tors meet the CCPW ground planes. The electric current at 
the open end of the coax is divided into the four CCPW lines 
illustrated in Fig. 2. This arrangement has the advantage of 
holding the ground planes at the same potential and exciting 
the four CCPW lines in equal amplitude and phase without 
the need for bond wires. Each of the four CCPW lines, Fig. 3, 
has an impedance of 1350 at the junction. The net impedance 
seen by the coaxial line is approximately 340. A quarter wave 
coaxial dielectric transformer ( c r = 4) was used at the junction 
to match the 500 coaxial line to the 340 CCPW junction 
impedance. The characteristic impedance of the quarter wave 

coaxial dieleciiic transformer section as determined from Ref- 
erence 5 is approximately 400. The characteristic impedance 
(Z 0 = V 2 /P) of the CCPW line at the output ports was set to 
70 0 to provide a good match to the 500 coaxial connector. 4 



Fig. 1 Coax to CCPW in- phase, four -way, radial power divider 
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Each of the three pairs of slits in the ground plane of the 
CCPW (Fig. 3) acts as a tuning stub to improve the CCPW to 
coaxial connector impedance match over the measured fre- 
quency range. 


coaxial line with 




Fig. 2 Radial power divider characteristics 

a Electric field distribution at end of slotted coaxial line 
b Equivalent circuit of junction 



Fig. 3 Coax to CCPW in-phase, four -way, radial power divider details 


losses. Also superimposed on Fig. 4 is the return loss of the 
input port which is greater than 10 dB. The amplitude and 
phase balance of this circuit are within 0-5 dB and 5°, respec- 
tively. These values are a function of the mechanical structure 
itself since all the ports are identical. The isolation between 
the ports is approximately lOdB. 

Conclusion: The design, implementation and characterisation 
of a N- way, in-phase, radial power divider which employs a 
novel coax-to-CCPW transition has been demonstrated. This 
is the first successful implementation of a copolanar wave- 
guide power divider The low loss and wide bandwidth char- 
acteristics of the divider would facilitate the implementation of 



frequency GHz , 

| 694 / 4 | 

Fig. 4 Measured coupled power and return loss 

a CCPW feed network in a phased array antenna system. The 

divider is observed to possess excellent amplitude and phase 

balance. 

R. N. SIMONS 1st February 1990 

G. E PONCHAK 

JNMS/t Lewis Research Center , 21000 Brookpark Road 

Cleveland , OH 44135 , 
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Experimental results: The measured amplitude of the power 
coupled to one of the output ports over an octave bandwidth 
(8- 16 GHz) is shown in Fig. 4 and is typical of the junction. 
The — 6 5 dB measured amplitude at the output ports is in 
good agreement with the — 6 0dB expected for a 1:4 ideal 
lossless junction. The additional loss of 0-5 dB includes the 
CCPW to coaxial transformer and two coaxial connector 
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A NEW RECTANGULAR WAVEGUIDE TO COPLANAR WAVEGUIDE TRANSITION 


George E. Ponchak 
NASA Lewis Research Center 
Cleveland. Ohio 44135 


ABSTRACT 

A new rectangular waveguide to coplanar wave- 
guide transition is described. The transition uses 
a ridge in one of the broad walls of the waveguide 
and a nonradiating slot in the opposite wall to 
split and rotate the electromagnetic fields of the 
rectangular waveguide TE10 mode into the CPW 
fields. 


INTRODUCTION 

9 Coplanar waveguide (CPW) is an attractive 
transmission line for microwave Integrated circuits 
since the ground planes are on the same side of 
the substrate as the conducting strip (1), This 
permits the integration of both series as well as 
shunt circuit elements without the need for back 
side processing and via holes. A second Important 
advantage of CPW which has recently emerged Is in 
the design of microwave probes for on-wafer charac- 
terization of field effect transistors and for 
fast. Inexpensive evaluation of microwave Inte- 
grated circuits (2) . 

In order to fully utilize these advantages, 
transitions between CPW and other microwave trans- 
mission media are required. A coaxial connector 
to CPW transition In which the center pin and the 
ground connection of the coaxial connector make 
contact with the CPW center strip and ground 
planes respectively has been demonstrated at 
18 GHz (3). By reducing the diameter of the 
coaxial connector, the upper frequency of these 
transitions has been extended to 50 GHz, Further 
reduction of the coaxial connector dimensions to 
Increase the frequency of operation may be limited 
by the fragility of the connectors. Also, milli- 
meter wave sources use rectangular waveguide at 
the output ports. Therefore, there is a need to 
develop rectangular waveguide to CPW transitions 
for applications at V-Band (50 to 75 GHz) and 
W-Band (75 to 1 10 GHz) . 

A waveguide to CPW transition has been re- 
ported by Bellantoni, et al. (4). The transition 
uses a finline taper to concentrate the electric 
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fields and a wire bond to split the electric cur- 
rents between the two ground planes. The diffi- 
culty with the design is positioning the wire bond 
such that the two slots are excited in equal magni- 
tude and phase. A further difficulty with finline 
transitions is the occurrence of resonances created 
by the transition (4,5). This paper presents the 
design and characteristics of a new rectangular 
waveguide to CPW transition which uses a ridge in 
one of the broad walls of the waveguide and a non- 
radiating slot in the opposite wall. This arrange- 
ment transforms the rectangular waveguide TE10 mode 
into the CPW mode with equal magnitude and phase 
excitation of the slots. The transition is capable 
of providing full waveguide bandwidth. 

TRANSITION DESIGN 

Figure 1 Is a schematic of the transition. 

The printed circuit board shown in Fig. Ha) forms 
the bottom wall of the rectangular waveguide. On 
this printed circuit board, a nonradiating slot is 
etched which gradually tapers to a width equal to 
S + 2W, where S and W are the width of the CPW 
center strip and slot, respectively. The cosine 
tapered ridge shown In Fig. Kb) protrudes from 
the top wall of the waveguide and extends down to 
the printed circuit board metal ization at the end 
of the taper. The ridge width is matched to the 
width of the center strip conductor, S, of the CPW. 
The electric field distribution at cross sectional 
planes along the transition is illustrated in 
Fig. 2. One can easily visualize that the ridge 
and the nonradiating slot gradually split the elec- 
tromagnetic fields of the TE10 waveguide mode and 
rotate them through 90° to match the fields of the 
CPW. 

TEST RESULTS FOR K BAND TRANSITION 

A transition has been designed for K band. 

The printed circuit portion of the transition has 
been fabricated on a 0.125 in. thick 5880 RT/Duroid 
substrate with single sided copper cladding. The 
ridged waveguide portion of the transition is cop- 
per. The cosine taper is 1.5 in. long or approxi- 
mately 1.5 Xg at the center frequency. The S and 
W of the CPW are 0.032 and 0.008 In. respectively 
yielding a 75 Q transmission line. For testing, 
the two transitions were connected back to back 
through a 0.8 in. length of CPW transmission line. 
The characteristics for this transition are shown 
in Fig. 3. The return loss is greater than 11 dB 
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C«> PLAN VIEW ILLUSTRATING THE NONRADTATING SLOT IN THE BOTTOH WALL OF Tf€ 
RECTANGULAR WAVEGUIDE. 



U» LONGITUDINAL VIEW ILLUSTRATING THE COSINE TAPERED HETAl <C) END VIEW. 

RIDGE. 


FIGURE 1. - SCHEMATIC OF THE TRANSITION. 
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(b) MEASURED INSERTION LOSS OF TWO TRANSITIONS CONNECTED BACK 
TO BACK. 


SECTION E-E SECTION F-F FIGURE 3. 

FIGURE 2. - ELECTRIC FIELD DISTRIBUTION AT VARIOUS CROSS-SECTIONS 
ALONG THE TRANSITION. 


across the band. The average insertion loss for 
the back-to-back transitions is 1.75 dB with 
0.25 dB ripple. 

CONCLUSIONS 

A new rectangular waveguide to CPW transition 
has been developed with full waveguide bandwidth. 
This transition should permit the use of CPW based 
circuits in the millimeter wave frequency range and 
the development of microwave probes above 50 GHz 
for fast and inexpensive testing of the millimeter 
wave circuits. 
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SUMMARY 

Three different types of p-i-n diode, reflective CPW switches arepre- 
sented. The first two switches are the series and the shunt mounted diode 
switches. Each has achieved greater than 15 dB of isolation over a broad band- 
width. The third switch is a narrow band, high isolation swi tched f i 1 ter which 
has achieved 19 dB of Isolation. Equivalent circuits and measured performance 
for each switch is presented. 


INTRODUCTION 

Coplanar waveguide, CPW, on a dielectric substrate consists of a center 
strip conductor with semi-infinite ground planes on either side (ref. 1). 
Channelized coplanar waveguide, CCPW, consists of CPW transmission line placed 
In a metal enclosure (ref. 2). Because the ground planes and the center con- 
ductor are on the same side of the substrate, shunt as well as series mounting 
of circuit components can be done without the need for wraparounds or via- 
holes. The Improvements in circuit yield and the reduction in inductance for 
ground paths over mlcrostrip based circuits should permit microwave integrated 
circuits, MIC ' s , to be fabricated at higher frequencies and less expensively. 
However, the extent of applications of CPW circuits is limited due to the 
unavailability of circuit elements and models which can be incorporated into 
CAD programs. 

Microwave switches are a basic circuit element for phase shifters and 
radiometers. A CPW switchable attenuating medium propagation, SAMP, switch 
has been demonstrated by Fleming et al . (ref. 3). This device is useful for 
GaAs MMIC circuits but it is not easily incorporated into MIC's on passive sub- 
strates such as alumina or duroid. P-i-n diodes are good microwave switches 
since the impedance of the diode can be changed from a very high value to 
nearly zero in a short time (refs. 4 and 5). 

This paper presents for the first time CPW p-i-n diode, reflective 
switches. Three basic switches are presented. The first is a shunt mounted 
diode switch. This switch is similar to fin line shunt mounted diode switches 
(ref. 4). The second switch is a series mounted diode across a gap in the cen- 
ter strip conductor. The last switch is a novel design which converts a CPW 
interdigital coupler with bandpass filter characteristics into a spurline, 
bandstop filter. 
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The three switches have been fabricated on CCPW transmission lines. All 
of the circuits have been fabricated on RT/Durold 5880 substrates with Metellcs 
Corporation beam lead diodes, MBP-1030-B1 1 . Figure 1 is the equivalent circuit 



TYPICAL VALUES 
SUPPLIED BY 

METELICS 


R S 

0.20 

Rf 

6.00 

L P 

0.1 nH 

Cj~ Cjf Cp 

0.03 pF 


FIGURE 1. - P-l-N DIODE EQUIVALENT CIRCUIT AND TYPICAL CIRCUIT 
ELEMENT VALUES. 


of the diode with the circuit element values supplied by Metelics. Although no 
tuning to resonate off the diode parasitlcs was done, the CPW slots were made 
equal to the length of the packaged diode to minimize the package inductance, 
Lp. Testing of the switches has been done on an HP 8510 automatic network ana- 
lyzer with bias tees to supply the dc bias to the diodes. The test fixture is 
comprised of a 2 in. length of CCPW with a 0.045 in. center strip and 0.010 in. 
slot. Connection to 3.5 mm coax cables is made through a pair of coaxial con- 
nectors. Tuning notches in the ground plane have been used to improve the 
coax-to-CCPW characteristics over selected frequency bands. The test fixture 
has a total insertion loss of 0.5 dB and a return loss greater than 15 dB for 
the frequencies reported in this paper. 


P-I-N DI00E SHUNT SWITCH 

In a shunt mounted configuration, a pair of diodes are placed In parallel 
across the slots of the CCPW transmission line (fig. 2). When the diodes are 




FIGURE 2. - SCHEMATIC AND EQUIVALENT CIRCUIT OF CPW P-I-N 
DIODE SHUNT SWITCH. 
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forward biased, each slot Is loaded by the forward bias Impedance of the diode; 
at 10 GHz, the impedance across the slot is approximated by Rf + julp * 8.7 Q 
<< Zo. The shunt Impedance for CPU, with two parallel slots, is therefore 
4.35 Q. This low impedance loading the slot reflects the propagating wave. 

When the diode is reverse biased, each slot is loaded by an impedance approxi- 
mated by 1/<juCt) « 530 0 >> Zo. This is an equivalent shunt impedance of 
265 Q for CPW. This load results in a small attenuation. Using expressions by 
Watson (ref. 6) modified for two parallel shunt elements, an isolation of 16 dB 
and an insertion loss of 0.04 dB is predicted. 


S 21 I ° g WAG 

REF 0.0 dB 

10.0 dB/ 



5 ^ 1 tog MAG 

REF 0.0 dB 

10.0 dB/ 



START 8.000000000 GHz 
STOP 11.000000000 GHz 


(b) MEASURED RETURN LOSS. 

FIGURE 3. - CPW P-I-N DIODE SHUNT SWITCH WITH TWO PAIRS OF 
DIODES. 
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An Insertion loss less than 1 dB and an isolation of 15 dB has been meas- 
ured over the frequency band of 8 to 1 1 GHz. The return loss was less than 

10 dB across the band. By incorporating more than one pair of diodes across 
the slots with a Xg/4 separation, higher isolation can be achieved. Typi- 
cally, two pairs of diodes have resulted in an isolation of 30 dB over the 8 to 

11 GHz frequency band with little increase In insertion loss, this is shown in 
figure 3(a). Figure 3(b) shows the return loss which is less than 10 dB across 
the band. 


P-I-N DIODE SERIES SWITCH 

In the series mounted diode configuration, a diode Is mounted across an 
0.008 in. gap in the center strip conductor of the CCPW line (fig. 4). The 





FIGURE R. - SCHEMATIC AND EQUIVLENT CIRCUIT OF CPU P-I-N DIODE 
SERIES SWITCH. 


center strip has been tapered to the width of the beam lead diode to provide a 
better match to the width of the diode package. The gap appears as an equiva- 
lent capacitive it network (ref. 7). When the diode is forward biased, the 
coupling capacitance is shorted by the low diode impedance and the wave is 
transmitted. Reverse biasing the diode results in an impedance across the gap 
which can be approximated by l/[jw(Ct + Cc)] >> Zo at 10 GHz. Therefore, the 
propagating signal is reflected as if from an open circuit. A measured inser- 
tion loss of 1 dB and an isolation of 15 dB has been obtained from 0.045 to 
8 GHz (fig. 5(a)). The return loss over this band is less than 10 dB 
(fig. 5(b)). The gap Impedance is not large enough at higher frequencies to 
provide good isolation. The gap can be lengthened to decrease Cc but the 
Increase in inductance from the longer diode leads will ultimately limit the 
gap separation. Resonating out these reactances is required for higher fre- 
quency operation (ref. 6). 
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(a) MEASURED INSERTION LOSS AND ISOLATION. 
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STOP 8,000000000 GHz 

(b) MEASURED RETURN LOSS. 


FIGURE 5. - CPW P-I-N DIODE SERIES SWITCH. 


P-I-N DIODE SPDT SWITCH 

To realize a SPDT switch, a CCPW Tee-junction with gaps in the center 
strip conductor at the junction was formed (fig. 6). Diodes were mounted 
across the gaps in parallel. As shown in figure 7, the measured insertion loss 
is 1 dB and the isolation is greater than 15 dB over the octave bandwidth of 
2.25 to 5.5 GHz. The return loss was less than 10 dB. 
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6 6 

FIGURE 6. - SCHEMATIC AND EQUIVALENT CIRCUIT 
OF SERIES MOUNTED P-l-N DIODE CPW SPDT 
SWITCH. 
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FIGURE 7. - MEASURED INSERTION LOSS AND ISOLATION OF SERIES 
MOUNTED PIN DIODE CPW SPDT SWITCH. 


P-I-N DIODE SWITCHED- SERIES-STUB SWITCH 

A diode Is mounted across the open end of a Xg/4 stub which Is In series 
with the center strip conductor of the CCPW as shown in figure 8. When the 
diode is unbiased, the stub is terminated in an effective open circuit and 
therefore appears as a series short circuit. Hence, the wave propagates with 
negligible attenuation. This is the on-state of the switch. When the diode 
is forward biased, the stub is terminated in an effective short circuit which 
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FIGURE 8. - SCHEMATIC AND EQUIVALENT 
CIRCUIT OF CPW P-I-N DIODE SWITCHED- 
SERIES-STUB SWITCH. 


54 





therefore appears as a series open circuit. The wave is therefore reflected; 
this Is the off-state of the switch. The diode reactances result in an effec- 
tive lengthening of the stub and can easily be compensated for. A measured 
insertion loss of 1.0 dB and an Isolation of 19 dB has been obtained at 9 GHz 
(fig. 9(a)). Figure 9(b) shows the return loss. 
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(b) MEASURED RETURN LOSS. 

FIGURE 9. - CPW P-I-N DIODE SW1TCHED-SER1ES-STUB SWITCH. 


CONCLUSIONS 

P-I-N diode reflective switches are easily realizable on CCPW transmission 
line and therefore CPW transmission line. Each of the three type of switches 
presented are practical for specific applications. The performance of the 
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switches could be Improved through typical tuning of the diode reactances once 
the necessary CPW circuit models become available. 
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SUMMARY 

This paper presents a new variant of coplanar waveguide (CPW) which has 
been termed channelized coplanar waveguide (CCPW). Measured propagation char- 
acteristics for CCPW such as e(eff) and unloaded Q as a function of geomet- 
rical parameters and frequency are presented. The measured and modeled e(eff) 
are also compared. Equivalent circuit model element values are presented for 
a CCPW open circuit and a CCPW right angle bend. A CCPW matched T-junction, 
matched 1:3 junction, and a novel coax-to-CCPW in-phase, N-way, radial power 
divider are also demonstrated. 


INTRODUCTION 

Coplanar waveguide, CPW, on a dielectric substrate consists of a center 
strip conductor with semi-infinite ground planes on either side (ref. 1). A 
variant of CPW is grounded coplanar waveguide, GCPW, which has an additional 
ground plane on the opposite side of the substrate to facilitate heat removal 
and packaging (ref. 2). These transmission lines have several advantages which 
make them ideally suited for microwave integrated circuits. The disadvantage 
of CPW and GCPW is that the structure can support spurious modes besides the 
CPW mode since the transverse dimensions may be several wavelengths. 

This paper presents a new variant of CPW. The new structure has side 
walls which, together with the ground plane, constitute a channel and hence is 
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appropriately termed as channelized coplanar waveguide, CCPW. A shielding 
structure may also be used to further confine the electromagnetic fields. 

This structure is shown in figure 1. The enclosure of the CPW transmission 
line eliminates radiation loss and spurious surface modes created at disconti 
nuities. Also, because the basic transmission line structure is CPW, LLFW 
maintains the inherent advantages over microstrip for easy shunt as well as 
series mounting of active and passive components. 


CONDUCTOR 
PATTERN — \ 



2B 


Figure 1. - Schematic c4 chano*lz®d oopianar wavagukJa (CCPW). 


To maintain a single CPW mode of propagation, CCPW must be designed to 
suppress the dielectric filled rectangular waveguide mode, the microstrip 
mode, and the rectangular coax mode. The channel width, 2B, is chosen such 
that the rectangular waveguide mode is cutoff. The microstrip and rectangular 
coax modes are suppressed by the proper selection of the slot width, W, the 
center strip width, S, and the substrate thickness, D. The ratios W/D and 
S/D must be sufficiently small to suppress the microstrip mode. The ratio 
(S + 2W)/2B must be small to suppress the rectangular coax mode. 


This paper presents lumped element circuit models for several CCPW discon- 
tinuities, together with their element values as a function of frequency. The 
discontinuities characterized are an open circuit and a right angle bend. The 
measured frequency dependence of the effective dielectric constant, e(ettj, 
and the unloaded quality factor, Q, are also presented for CCPW lines fabri- 
cated on c(r) = 2 . 2±0 .02 RT/Duroid 5880, c(r) = 6.0±0.15 RT/Duroid 6006, and 
e(r) = 10.2i0.25 3M Epsi lam-10 substrates. This is followed by the design and 
characterization of a CCPW matched T-junction and a matched 1:3 junction. 
Lastly, the performance of a novel Coax-to-CCPW in-phase, N-way, radial power 
divider circuit is presented. 


METHOD OF MEASUREMENTS 

A resonator technique similar to that described by Richings (ref. 3) and 
Stephenson and Easter (ref. 4) was used. The X/4 end coupled stubs could not 
be etched off as in the case of microstrip since this would alter the CLPW 
open end parameters. Hence, a four resonator set had to be fabricated for 
each frequency to determine the end effects. 


59 




This will contribute some errors to the results because the resonator 
lengths and gaps will not be identical for the two X/2 and X resonators. 

In addition, S and W varied slightly for each resonator set since the reson- 
ators were not processed in parallel. The circuit dimensions were measured to 
±0.0002 in. The coupling gaps were varied to maintain a coupling coefficient, 
(3, less than 1. For most of the resonator sets, fl < 0.3. This is a sufficient 
condition to minimize the loading of the resonator for transmission lines with 
Q 2. 100 as are reported in this paper. The Q was determined through a tech- 
nique given in reference 5. 


EFFECTIVE DIELECTRIC CONSTANT 


The e(eff) was measured over the frequency range of 3 to 18 GHz for sev- 
eral unshielded CCPW lines and the results are shown in figure 2. The CCPW 
lines have been modeled using reference 6 and the c(eff) is plotted for each 
CCPW line, e(eff) of GCPW calculated from the closed form expression of Ghione 
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Figure 2. - Measured effective dielectric constant for unshielded 
CCPW as a function of frequency. 
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and Naldi (ref. 7) is also plotted for comparison. For the low dielectric sub- 
strate, either reference 6 or 7 could be used to predict e(eff). For the 
higher dielectric substrates, both methods predicted lower e(eff) than what 
was measured. 


Effect of Substrate Thickness 

e(eff) was measured as a function of frequency for unshielded CCPW lines 
fabricated on substrates with D in the range of 0.062 to 0.250 in. The CCPW 
parameters S, W, 2B, and e(r) were held fixed at 0.045 in., 0.010 in., 0.200 
in., and 2.2, respectively. No variation in e(eff) was observed for the 
thicker substrates, W/D < 1/12.5. e(eff) of the thinner substrate, W/D ~ 1/6, 
was 0.7 percent higher than the other measured cases. This agrees with the 
calculated e(eff) (ref. 6) and results in reference 2. The increase in 
e(eff) is due to a microstrip mode. 
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To verify this, an RF probe was used to sample the electric fields under 
the center of the strip at the plane of the bottom conductor, the probe place- 
ment is shown in figure 3. Since odd mode CPW propagation has zero electric 
fields at this point, any fields measured by the probe must be due to a micro- 
strip mode. The sampled field was measured for the thickest substrate and 
this value was used as a calibrated zero. No microstrip mode was measured as 
D was decreased until W/D » 1/6, when an increase in the sampled field ampli- 
tude of »3 dB was measured. 



Figure 3. - Probe placement to sample the electric fields due to the microstrip mode. 


Effect of Cover Height 

e(eff) was measured for shielded CCPW lines with cover heights of H = D, 
2D, and 4D. Resonators were tested with e(r), D, S, and W equal to 2.2, 
0.125 in., 0.045 in., and 0.010 in., respectively. Resonators were also fabri- 
cated on D = 0.050 in., e(r) - 6 and 10.2 substrates. In all the cases, the 
change in e(eff) from the unshielded case was negligible. 


LOSS MEASUREMENTS 
Effect of S and Shielding 

Figure 4 shows the measured Q for resonators of length X as a function 
of S for a fixed frequency. The Q of the unshielded resonators decreases 
with increasing S while the Q of the shielded resonators increases with in- 
creasing S. Therefore, radiation loss increases as S increases. 
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Figure 4. - Measured unloaded quality factor, Q, for CCPW as a 
function of the center conductor width, with and without a 
shielding enclosure. 


Effect of Frequency and Shielding 

Figure 5 shows the measured Q over the frequency range of 3 to 18 GHz 
for X resonators both with and without shielding. The reduction in Q 
with increasing frequency for the unshielded case is due to the increase in 
radiation loss. With shielding, the Q is observed to increase with frequency 
or the attenuation per unit wavelength decreases. A change in the cover height 
from H = 2D to H = D showed no measurable difference in Q. 



Figure 5. - Measured unloaded quality factor , Q, tor CCPW as a 
tonction of frequency, with and without a shielding enclosure. 


e r -2.2 
S -0.045 In. 
W -0.01 in. 
D -0.125 In. 
2B -0.2 In. 


Effect of D and e(r) 


The effect of varying D in the range of 0.062 to 0.250 in. on Q was 
measured. No measurable variation in Q over the frequency range of 8 to 
18 GHz was observed. CCPW resonators on the higher e(r) substrates had lower 
Q's. This is expected since the higher dielectric substrates concentrate more 
of the fields in the lossy substrate. 


CHANNELIZED CPW OPEN CIRCUIT 

When a CPW line is terminated in an open circuit, there is an excess 
fringing of the electromagnetic fields which gives rise to a capacitance, Cf 
(ref. 8). This capacitance is equivalent to a short length of a transmission 
line, Lo, terminated in a perfect open circuit as illustrated in figure 6. 

The open end line extension for the unshielded CCPW de-embeddqd from the reso- 
nator data is shown as a function of frequency in figure 7. Although strict 
dimensional standards were used to select resonators, a large spread in Lo 
was present. The exact cause of this spread, particularly at the lower fre- 
quencies, is unexplained. There was no variation in Lo for resonators with a 
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(a) Schematic of a CCPW open circuit. 

(b) Equivalent end fringing capacitance, Cj . 

(c) Equivalent CCPW end-effect length, L 0 . 

Figure 6. - CCPW open circuit. 



Figure 7. * Experimentally determined open circuit equivalent 
end-effect length as a function of frequency. 


cover height of H > 2D since its presence has negligible effect on the fring- 
ing fields. Also, Lo was found to be independent of the distance between the 
open circuit and the end of the substrate, gl. 


CHANNELIZED CPW RIGHT ANGLE BEND 

A CCPW right angle bend and its equivalent circuit are shown in figure 8. 
The capacitance, C, is created by the accumulation of excess charge at the 
corners in the two slots and the resulting excess electric fields to the 
ground plane. The current flow interruption creates the excess inductance 
which can be equated to a length of transmission line, L. Radiation from the 
corner is represented by the shunt conductance, Gr. 

To experimentally determine the capacitance, C, a voltage antinode has to 
be placed at the discontinuity. This is realized by placing a right angle 
bend at the center of an open circuit terminated resonator of length X. To 



Figure 8. - CCPW right angle bend. 
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determine the inductance, a voltage node has to be placed at the discontinuity. 
This is realized by placing a right angle bend in the center of a X/2 resona- 
tor. The C and L are determined from the measured resonant frequencies 
using the following two equations (ref. 4): 


L 


n 


nv 

2f n V(c(eff )) 


(l n f Lo + Lg) 


( 1 ) 


where 


C/Yo = 




y e (eff) 

V 



( 2 ) 


f n = resonant frequency of the nX/2 resonator 
Lg E gap equivalent extension 

L n E Extension due to the parasitic reactance, either resulting from a voltage 
antinode for an n = 2 resonator or a voltage node for an n = 1 resonator 

Lo E open circuit equivalent extension 

l n E physical length of the nX/2 resonator 

n E order of resonance 

v E 3x10® m/sec 

The radiation conductance, Gr, was calculated by deriving a lumped ele- 
ment equivalent circuit model for the shielded and unshielded resonators incor- 
porating a right angle bend (ref. 5). The difference in the resonator circuit 
conductance is then attributed to an equivalent radiation conductance. The 
model is valid near the resonant frequency. Table I presents the normalized 
capacitance C/Yo, L, and the normalized radiation conductance Gr/Yo as a 
function of the frequency. The radiation conductance is very small at low fre- 
quencies, however, it increases rapidly with frequency. 

TABLE I . - CCPW RIGHT ANGLE 
BEND DISCONTINUITY 


[S = 0.045 in., W = 0.010 in., e(r) = 2.2, 
2B = 0.200 in.] 


Frequency, 

GHz 

L, 
mi 1 

C/Yo, 

pF-Q 

Gr/Yo 

2.97 

22.622 

4.219 

0.0003635 

4.92 

26.241 

4.353 

.0014154 

9.74 

30.972 

3.192 

.010823 

13.49 

27.867 

2 .950 

.011765 

17.84 

31.794 

3.848 
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The path length differences between the two slots at the CCPW right angle 
bend degrade the RF characteristics. Therefore, compensating techniques such 
as miters (ref. 9) and dielectric overlays (ref. 8) were investigated. Fig- 
ure 9 illustrates a CCPW right angle bend and three possible compensating tech- 
niques and shows the measured insertion and return loss for each of the bends. 
The use of bond wires (fig. 9(b)), to hold the ground planes to the same poten- 
tial at the element reference planes reduced the resonances in the insertion 
loss characteristics. To further reduce the path length difference, miters as 
large as 70 percent were tried. The miter and bond wires eliminated most of 
the resonances (fig. 9(c)). Finally, a dielectric overlay was placed on the 
inner slot (fig. 9(d)). The overlay slows the signal travelling along the 
inner slot so the signal emerging from each of the slots after the right angle 
bend is in phase. As shown in figure 9(d), the in se rtion loss and the return 
loss were less than 1.0 dB and greater than 10 dB, respectively, over a 2 to 
18 GHz band. This agrees with the characteristics of a straight thru circuit. 


CHANNELIZED CPW MATCHED T-JUNCTION 

A pen-plot of a CCPW matched T-junction is shown in figure 10. At the 
T-junction, the characteristic impedance of the two side arms. Zl , are in par- 
allel and the net impedance the input arm sees is Zl/2. Therefore, for impe- 
dance matching, the characteristic impedance, ZO, of the feed arm was set equal 
to Zl/2. To accomplish this, the output arms were tapered to an impedance of 
~135 0 and the input arm was tapered to *67 0. At the coax-to-CCPW transi- 
tions, the CCPW impedance was *70 Q to provide a good match to the 50 Q coaxial 
line (ref. 8). When a shielding cover of height H = D was used, an insertion 
loss and return loss of 0.5 dB and 10 dB, respectively, were measured up to 
12.5 GHz, A pair of bond wires were added to hold the ground planes at the 
junction at the same potential (refs. 10 and 11). This increased the bandwidth 
to 16.5 GHz, The measured insertion loss and return loss of the T-junction 
with bond wires are presented in figure 11. When the bond wires were used, the 
measured insertion loss and return loss was independent of the use of a cover. 



Figure 10. - Pen-plot of a CCPW matched T-junction. 
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Figure 11.- Measured amplitude of the power coupled to one of the output 
ports and the return loss of the Input port for a CCPW matched T-junction. 


CHANNELIZED CPW MATCHED 1:3 JUNCTION 

A pen-plot of a CCPW matched 1:3 junction is shown in figure 12. The out- 
put arms have been tapered to *135 Q at the junction. The input arm was ta- 
pered to 45 Q for impedance matching. When a shielding enclosure of height 
H = D was used, a return loss greater than 10 dB and low insertion loss was 
measured through 12.5 GHz. However, a maximum phase imbalance between ports 
2 and 3 of *70° exists at 12.5 GHz. 
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The use of three bond wires as shown in figure 12 increased the bandwidth 
to 16.0 GHz. In addition, the bond wires reduced the phase imbalance between 
ports 2 and 3 by 20° at 12.5 GHz. The measured insertion loss and return loss 
of the three-way junction with bond wires are presented in figure 13. The 
average measured amplitude of -5 dB at the output ports agrees well with the 
expected -4.8 dB. There was negligible amplitude and phase imbalance between 
ports 2 and 4. A maximum of 1 dB of amplitude imbalance was measured between 
ports 2 and 3. The phase imbalance between ports 2 and 3 increased linearly 
from «0° at 2 GHz to 70° at 16 GHz. The use of a shielding enclosure with the 
bond wires did not result in any further improvement in the characteristics. 


S 21 log MAG S„ log MAG 

REF 0 0 dB REF 0.0 dB 

5.0 dB/ 10.0 dB/ 



Figure 13. Measured amplitude of the power coupled to one of the output 
ports and the return loss of the coaxial input port for a CCPW matched 
1-to-3 junction. 


COAX-to-CHANNELIZED CPW IN-PHASE N-WAY RADIAL POWER DIVIDER 

A coax-to-CCPW in-phase, four-way radial power divider is shown in fig- 
ure 14. The junction is formed by the intersection of four CCPW lines. Power 
is coupled to this junction from a coaxial cable whose outer conductor is slot- 
ted along the z direction to form four coupled transmission lines. The cen- 
ter pin of the coaxial line meets the intersecting CCPW center conductors while 
the four coupled outer conductors meet the CCPW ground planes. Therefore, the 
electric current at the open end of the coax is divided into the four CCPW 
lines as illustrated in figure 15. This arrangement has the advantage of hold- 
ing the ground planes at the same potential and exciting the four CCPW lines 
in equal amplitude and phase without the need for bond wires. Each of the four 
CCPW lines, figure 16, has an impedance of 135 Q at the junction. Therefore, 
the net impedance seen by the coaxial line is «34 Q. A quarter wave coaxial 
dielectric transformer (e(r) = 4) was used at the junction to match the 50 fi 
coaxial line to the 34 Q CCPW junction impedance. Each of the three pairs of 
slits in the ground plane of the CCPW acts as a stub and helps improve the 
CCPW to coaxial connector impedance match over the measured frequency range. 
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Figure 14. - Coax-to-CCPW in-phase, four-way, radial power divider. 
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(a) Electric field (E) distribution at the (b) Equivalent circuit of the junction showing the Input 

end of the slotted coaxial line. RF current (I) being divided into the four ports. 


Figure 15. - Coax-to-CCPW junction. 



Figure 16. - Pen-plot of the coax-to-CCPW In-phase, four-way, radial power divider. 
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The measured amplitude of the power coupled to one of the output ports 
over an octave bandwidth is shown in figure 17 and is typical of the junc- 
tion. The -6.5 dB measured amplitude at the output ports is in good agreement 
with the -6.0 dB expected for a 1:4 junction. The additional loss includes 
the CCPW to coaxial transformer and connector losses. Also superimposed on 
figure 18 is the return loss of the input port. Figure 18 is a measurement of 
the amplitude and phase balance for the four output ports; the amplitude and 
phase balance are within 0.5 dB and 5°, respectively. These values are a func- 
tion of the mechanical structure itself since all of the ports are identical. 
The isolation between the ports is ~10 dB. 


Sjj log MAG S 21 log MAG 

REF 0.0 dB REF 0.0 dB 

10.0 dB/ 3.0 dB/ 



Figure 17. - Measured amplitude of the power coupled to one of the output 
ports and the return loss of the coaxial input port for a four-way radial 
power divider. 
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Figure 18. - Measured amplitude and phase balance for a coax to-CCPW 
four-way power divider. 
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A coax-to-CCPW two-way radial power divider with the same basic structure 
as that described above was fabricated. The outer conductor of the coaxial 
line was slotted to form two coupled transmission lines. A dielectric trans- 
former was not used with this structure. The measured amplitude at the output 
ports and the return loss at the coax input port are presented in figure 19. 
The amplitude imbalance for this circuit is less than 0.5 dB and the phase im- 
balance is less than 5°. Again, these values are dependent on the mechanical 
realization of the power divider. 


s n log MAG S 21 log MAG 
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10.0 dB/ 3.0 
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STOP 16.000000000 GHz 


Figure 19. - Measured amplitude of the power coupled to one of the output 
ports and the return loss of the coaxial Input port for a two-way radial 
power divider. 


CONCLUSIONS 

A new variant of CPW which has been termed CCPW has been demonstrated. 

The propagation characteristics of this structure show it to be useful for 
wide bandwidth, low loss microwave circuits where the favorable size advantage 
of CCPW over rectangular waveguide may be needed. Equivalent circuit model 
element values are presented for a CCPW open circuit and a CCPW right angle 
bend. A matched CCPW T-junction, a matched 1:3 junction, and a novel coax- 
to-CCPW in-phase, N-way, radial power divider are also demonstrated. These 
exhibit low loss and wide bandwidth and hence should facilitate. the implementa- 
tion of CCPW in microwave signal distribution networks such as in a phased 
array antenna system. 
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SUMMARY 

A K-band four element linear phased array has been designed and tested. 
Coplanar waveguide (CPW) is used for the microwave distribution system. A CPW 
to twin strip transition is used to interface with the printed dipole antennas. 
MMIC phased shifters are used for phase control. 


INTRODUCTION 

Coplanar waveguide (CPW) is a transmission line which consists of a cen- 
ter strip and a semi-infinite ground plane on either side of it (ref. 1). CPW 
is useful for integrating MMIC's together to form a microwave distribution net- 
work since the ground planes are readily accessible on the top side of the 
substrate. Grounded CPW (GCPW) is a variant of CPW which incorporates an 
additional ground plane on the back side of the substrate (ref. 2). This addi- 
tional ground plane can serve as a heat sink and provide mechanical strength. 

In addition, this ground plane serves as a shield between stacked antennas 
boards to improve isolation. 

Several CPW fed antennas have been reported in the literature. A GCPW 
fed coplanar stripline antenna constructed by widening the center strip of the 
GCPW to form a rectangular patch has been reported (ref. 3). This antenna pro- 
duces a linearly-polarized pattern normal to the plane of the substrate. 
Coplanar waveguide fed slot antennas which are the complement to printed dipole 
antennas have also been reported (ref. 4). This antenna also radiates in a 
direction normal to the plane of the substrate. Although end-fire antennas 
are required for many large phased arrays, no CPW fed end-fire antennas have 
been reported yet in the literature. 
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In this paper we demonstrate a K-Band four element, printed dipole linear 
array which uses GCPW for the feed network and the Integration of the MMIC 
phase shifters. This array radiates In the end fire direction and Is suitable 
for large two-dimensional arrays. 


CIRCUIT DESCRIPTION 

The microwave distribution network and antennas Is shown In figure 1. 

The microwave distribution network Is fed by a single coaxial transmission 
line. The microwave signal is then split equally onto four GCPW transmission 
lines by three GCPW T-junctions. Wire bonds were used to tie the ground 
planes of the GCPW at the bends and T-junctions. The Insertion loss for the 
one-to-four power divider is shown In figure 2. The MMIC phase shifters are 
DC Isolated from the rest of the network by a pair of GCPW couplers. The coup- 
lers have been optimized to have a passband at the antenna operating frequency. 
The GCPW was tapered to provide a better match to the line width of the micro- 
strip lines on the MMIC. The Insertion loss for the two couplers with a GaAs 
50 microstrip through connection In place of the phase shifters was 2.0 dB. 

The transition from the unbalanced GCPW to the balanced coplanar strip trans- 
mission line was made through a coplanar balun (ref. 5). The circuit was fab- 
ricated on 0.0625 In. thick CuFlon material. 

The phase shifters shown In figure 3(a) were developed by Hughes Aircraft 
Corporation under contract to NASA (ref. 6). The phase shifters are reflec- 
tion type and utilize a Lange coupler and two reverse biased varactor diodes 
to provide continuous 180° phase shift. The phase shifters were characterized 
Individually before Integration with the antenna network. By applying bias 
voltages from 0 to 4 V, 170° of phase shift was obtained as shown in fig- 
ure 3(b) with an average Insertion loss of 6.15 dB. Amplitude control can be 
added by the addition of MMIC amplifiers, variable attenuators, or switches. 


ARRAY PERFORMANCE CHARACTERISTICS 

The measured radiation pattern for a single GCPW fed printed dipole 
antenna Is shown In figure 4(a). As expected, the pattern Is broad due to the 
low gain of the antenna. The measured radiation pattern for the four element 
linear array Is shown In figure 4(b). The pattern was measured with identical 
GaAs 50 Q microstrip through lines in place of the phase shifters. The E-plane 
and H-plane patterns have 3— d B beam widths of 15° and 40°, respectively. The 
E-plane pattern has a shift in the main lobe which Is probably due to path 
length differences In the feed network. The radiation pattern of the array 
with the MMIC phase shifters Is in the process of being made. 


CONCLUSIONS 

A K-Band four element linear array of printed dipole antennas which demon- 
strates the advantages of CPW for MMIC integration and microwave signal distri- 
bution has been fabricated and tested. The radiation characteristics for the 
antenna Is excellent. 
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FIGURE 1. - GCPW FED FOUR ELEMENT PRINTED DIPOLE PHASED ARRAY. 
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(a) PHASE SHIFTER CONFIGURATION. 
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(b) MEASURED PHASE SHIFT AS A FUNCTION OF THE FREQUENCY FOR 
DIFFERENT VOLTAGES. 

FIGURE 3. - GaAs MMIC PHASE SHIFTER. 




FIGURE 4. - MEASURED RADIATION PATTERN. 
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ABSTRACT 

We report on the values of the microwave conductivity in the normal (a N ) and 
superconducting ( a =a 1 -ja 2 ) states of two laser ablated YBa 2 Cu 3 0 7 _ 4 thin films at 
35 GHz, in the temperature range from 20 to 300 K. The films (6.7 and 0.4 /in) 
were deposited on LaA10 3 by laser ablation. The conductivity was obtained from 
the microwave power transmitted through the films and assuming a two-fluid model. 
Values of a N ~2.3 X 10 5 S/m at room temperature for both films, and of ai~6.3 X 
10 b and 4.6 X 10 5 S/m at temperatures around 80 K were obtained for the 0.7 and 
0.4 /in films respectively. For a 2 values of 4.9 X 10 6 and 5.4 X 10 6 S/m were 
obtained for the 0.7 and 0.4 /in films at 80 K. The expected conductor losses and 
Q-factor of a superconducting ring resonator were calculated using these 
conductivity values. The theoretical values were then compared with the 
experimental results obtained for a resonator fabricated from one of these films. 


The discovery of high transition temperature (T c ) superconductors has raised 
the possibility of a new class of microwave and millimeter wave devices operating 
at temperatures considerably higher than liquid helium temperatures. Therefore, 
materials properties such as microwave conductivity (a ) , critical current density 
(J c ), microwave surface resistance (R s ), transport anisotropies, thermal 
expansion, and others have to be well characterized and understood. To date, 
measurements of R s at microwave and millimeter wave frequencies and of J c of 
YBa 2 Cu 3 0 7 _ 5 superconducting oxides have been very abundant. 1 ' 3 Nevertheless, 
reports on the microwave conductivity of these new oxides have been rare. 4,2 The 
need for more data on the microwave conductivity of these oxides arises from the 
fact that knowledge of this parameter provides a way to calculate other relevant 
properties such as the normal skin depth (<5 n ) and the magnetic penetration depth 
in the superconducting state (X s ). From the practical application point of view, 
it provides valuable aid for the design of microwave devices and circuits, based 
on superconducting microstrip lines. 5,7 

In this paper we report on the microwave conductivity of laser ablated 
YBa 2 Cu 3 0 7 _ 4 superconducting thin films at 35 GHz in the temperature range from 20 
to 300 K. The values of the conductivities were obtained from the microwave power 
transmitted through the film, assuming a two-fluid model. The expected conductor 
losses and Q-factor of a superconducting ring resonator were calculated using 
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these conductivity values. The theoretical values were then compared with the 
experimental results obtained for a resonator fabricated from one of these films. 

The pulsed laser ablation technique is similar to that reported by other 
researchers. 8,9 The deposition was performed at a substrate temperature of 750° 
C at an ambient oxygen pressure of 170 mtorr. The laser wavelength was 248 nm, 
the pulse length and rate were 20 to 30 ns and 4 pps*respecti vely. During this 
process the distance between the target and the sample was kept at 7.5 cm and 
the laser fluence on the target was maintained at 2.0 J/cm 2 per pulse. The laser 
beam was continually scanned 1 cm across the target using an external lens on 
a translator. When the deposition was finished, the oxygen pressure was raised 
to 1 atm and the temperature was lowered to 450° C at a rate of 2° C/min. The 
temperature was held at 450° C for two hrs before it was lowered to 250° C at the 
same rate already mentioned. Finally, the heater power was turned off and the 
sample was allowed to cool to 40° C or less before it was removed from the 
chamber. This deposition process is explained in more detail in reference 10. 

Two YBa 2 Cu 3 07_ 6 superconducting thin films, deposited by laser ablation on 
LaA10 3 , have been considered in this study. The films' thicknesses were 0.7 and 
0.4 fim respectively. LaA10 3 is a convenient substrate because of its perovskite 
crystal structure and its lattice constant of a=3.792 A which match very well 
with the lattice constant of the YBa 2 Cu 3 0 7 _ fi superconducting oxide. Also, its low 
dielectric constant (~22) makes it suitable for microwave device applications. 
The films were analyzed by X-ray diffraction, dc resistance versus temperature 
measurements and scanning electron microscopy (SEM). Transitions temperatures 
(T c , R=0) of 89.7 and 86.0 K were measured for the 0.7 and 0.4 /im thin films 
respectively. The dc resistance versus temperature curves are shown in fig.l. 
The X-ray diffraction pattern revealed that both films are single phased with 
a strong c-axis orientation. Both films exhibit a very smooth surface as observed 
from scanning electron micrographs. A grain size of /im was observed for both 
films. 



00 85 90 95 100 
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FIGURE 1. dc resistance versus temperature of 0.7 /nn (+) and 0.4 / <m (A) laser ablated YBa 2 Cu 3 0 7 _ 5 
thin films on LaA10 3 . 


‘Pulses per second. 
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The power transmission measurements were performed using an HP-8510 network 
analyzer connected to a helium gas closed cycle refrigerator by Ka-band (26.5 
to 40.0 GHz) waveguides. All the measurements were taken under vacuum (<10* 3 
torr) in a custom designed vacuum chamber. Inside the vacuum chamber the sample 
was clamped between two waveguide flanges mounted on top of the cold finger of 
the refrigerator. The waveguides were made of stainless steel to minimize heat 
conduction from the external waveguide arrangement and their inner surfaces were 
gold-plated to reduce microwave energy losses. Vacuum was maintained at the 
waveguide feedthroughs by means of 1 0 ‘ rings and mica sealing windows. The 
temperature of the sample was monitored using silicon diode sensors mounted on 
the waveguide flanges supporting the sample. All the measurements were taken 
during sample cooling. 

The measured temperature dependence of the transmitted power through the 
sample for both films under consideration is shown in fig. 2 . Note that for the 
0.7 fim film, both the onset temperature for the transition from the normal to 
the superconducting state (~91 K) and the transition temperature T c ( 89.7 K) , 
are clearly observed in this measurement. For the thinner film a sharp drop in 
transmitted power is observed below the onset temperature, with an attenuation, 
of approximately 20 dB at temperatures around 80 K. The most relevant feature 
of the power versus temperature curve for this film is the sudden increase in 
transmitted power at temperatures below 80 K. This feature is an indication of 
the formation of a leakage source (micro-crack or pinhole) which broadens as the 
temperature decreases allowing more power to leak through the film. At 
temperatures below 50 K the amount of power leaking through the film reaches a 
constant value suggesting no significant variation of the leakage sources as a 
function of temperature in this temperature region. 
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FIGURE 2. Transmitted power versus temperature of 0.7 fin (+) and a 0.4 /jn (A) laser ablated 
YBa^UjO^ thin films on LaAl0 3 at 35 GHz. 
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The normal state microwave conductivity, a n, was obtained from the power 
transmitted through the sample in the normal state, P N , according to the 
expression 5 

a N =(-RP N + [(RP N ) 2 -4GP N (HP N -8n 2 )]^)/2GP N dZ c (1) 

whGTG 

G=(n 2 +l)+(n 2 -l)cos(2k£) (l.a) 
R=2(3n 2 +l)+2(n -l)cos(2k£) (l.b) 
H=n 4 +6n 2 +l-(n 2 -l) 2 cos (2k£) (l.c) 

with Z c the characteristic impedance of the waveguide, d the film thickness, £ 
and n the substrate thickness and the index of refraction respectively, and k 
the wave number. At temperatures below the beginning of the transition, the 
microwave conductivity takes the form <7*=ai-j<7 2 , where o\ is the conductivity due 
to the remaining normal electrons and 02 is the conductivity due to the 
superconducting electron pairs. We have calculated o\ by using ai=<7 N (T/T c ) 4 , as 
defined under the two-fluid model approximation. Values of ct 2 were obtained using 
the relation 5 

o 2 /o c = -fit (2cr c dZ c ) + {[(/?/2) 2 -7]/(<7 c dZ c ) 2 -aoi/o 2 dZ c ~{oi/o c ) 2 +... 

... (P c /P s ) [l+a/a c dZ c + 7/(a c dZ c ) 2 }^ (2) 

with P s the power transmitted through the film for T<T C , o c and P c are the 
conductivity and transmitted power respectively at T=T C , a=R/G, 7 =H/G and /?=[- 
2n(n 2 -l)sin(2k£)]/G. 

Figure 3 shows the temperature dependence of o r ( o r =o n for T>T<- and o r =o\ for 
T<T C ) for the samples under study. The conductivities (~2.3 X 10 5 S/m) at room 
temperature are in close agreement for the two films considered. These values 
also compare favorably with reported values for the dc conductivity in this type 
of film. 11 Hence, using the value of we found a typical resistivity, p, of 
about 435 ptt-cm at room temperature and of 133 and 160 /ifi-cm at temperatures 
around 100 K, for the 0.7 and 0.4 pm films respectively. These resistivity values 
are on average a factor of 1.5 greater than the values for p (/>~ 290 /ifi-cm at 300 
K and />~ 95 /ifi-cm at 100 K) obtained from surface resistance (R s ) measurements 
in strongly c-axis oriented YBa 2 Cu 307_ 5 thin films on SrTi 03 as reported by Klein, 
et al. 12 The normal conductivity of both films exhibit a metallic behavior with 
decreasing temperature, reaching values of ~7.7 X 10 5 S/m for the thicker film 
and of ~6.3 X 10 5 S/m for the thinner one, at the onset temperature. Below T c , 
the values of o\ were obtained using the value of the conductivity at the onset 
temperature in the expression 07 =£T N (T/T C ) 4 . Values for o\ of ~6.3 X 10 5 and 4.6 
X 10 5 S/m were obtained at 85 K for the 0.7 pm and 0.4 pm films respectively. At 
temperatures around 50 K and below the values for o\ for the 0.7 pm film has 
decreased by one order of magnitude. Because the 0.4 /<m film exhibited leakage 
of microwave power below 80 K, no data are shown below this temperature. 

Figure 4 shows the imaginary part of o* for both films. For the 0.7 pm film, 
values for o 2 of ~4.9 X 10 6 and 7.0 X 10 6 S/m were obtained at temperatures 
around 80 and 50 K respectively. These values are greater than those obtained 
for YBa 2 Cu 3 07_ 5 laser ablated films deposited on MgO and Zr0 2 . Due to the leakage 
sources formed in the 0.4 pm film, we were unable to obtain values of <j 2 at 
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temperatures below 80 K. A value of 3.5 X 10 6 S/m was obtained just below the 
onset temperature (~92 K) and of’ 5.4 X 10 6 S/m at 85 K. Note that the increase 
of oi with decreasing temperature corresponds to an increase in electron pairs 
which implies a reduction of the normal carrier density. 



temperature: cki 


FIGURE 3. Real part of the conductivity, a , versus temperature for 0.7 pm (□) and 0.4 pm (a) laser 
ablated YBa 2 Cu 3 0 7 _ 6 thin films on LaAl0 3 at 35 GHz; a r =c- N for T>T C and for T<T C . Open symbols 
represent values of the conductivity calculated directly from power transmission measurements and 
filled symbols represent values of the conductivity calculated using the two-fluid model. 
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FIGURE 4. Imaginary part of the conductivity, a 2 , versus temperature for 0.7 /^m $Z0 and 0.4 /jn (A) 
laser ablated YBa 2 Cu 3 0 7 . 6 thin films on LaAl03 at 35 GHz. 
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The values of a i and oi have been used to estimate values for the magnetic 
penetration depth X and the surface resistance R s . 13 Values of X o =0.67 fim and 
R s ~9m0 at 77 K were obtained. These values are in close agreement with those 
obtained by other researchers. 12 

The conductivity values have been used to calculate the Q-factor of a ring 
resonator, which has a superconducting strip and a normal conducting ground 
plane. This resonator is shown in figure 5 and consists of a microstrip ring 
with a circumference that is three wavelengths in length at the design frequency 
of 35 GHz. Straight lengths of superconducting strip provide input to the ring 
with coupling achieved by small capacitive gaps. The substrate is 10 milli-inch 
thick lanthanum aluminate; and the characteristic impedance of the line, is 45 
ohms. 



The "Q" of the ring is determined by two major loss mechanisms, 1) dielectric 
loss in the substrate and 2) resistive losses in the conductors. Radiation loss 
is assumed to be negligible in this case since the resonator, when being measured 
experimentally, is shielded by a section of waveguide below cutoff which acts 
to suppress radiation by the circuit. Dielectric losses can be calculated using: 


ad = 3.15 (q*e/e e ff) (tan<5/Xg) Nepers/m (3) 

where ad 14 is the attenuation constant due to dielectric loss, 1 q 1 is a 
geometrical 'filling factor 1 , e and e e ff are the static and effective dielectric 
constants, tanS is the dielectric loss tangent and X„ is the transmission line 
wavelength. In these calculations we have used a value of 5.8 x 10‘ 4 for tan5 15 
but it should be noted that authoritative values for the loss tangent have not 
been established. 
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The conductor losses were calculated by the Phenomenological Loss Equivalence 
Method (PEM) , an analytical solution for loss in microstrip lines that accounts 
for thin conductors. The attenuation due to the loss in the conductors is qiven 
by : 

a c = Z ri /(2*Z C ) Nepers/m (4) 

where Z r j is the real part of the internal impedance of the strip and ground 
plane and Z c is the characteristic impedance of the line. The internal impedance 
(Z, ) is obtained through the PEM where: 

^ix “ Z sx * G x * coth(Z sx o x * G x * A) (5) 

G x is a geometrical factor, A the cross sectional area of the strip, Z sx is the 
surface impedance and a x the conductivity of the conductor material of the strip 
or ground plane (x denotes different values for strip and ground plane). The 
a values are obtained from the transmission data and the surface impedance is 
calculated from them. The "Q" of the ring is calculated as: 

1 = 2(ac + ad) (6) 

Q P 

where p is the propagation constant of the line. 

Using values of the conductivity obtained form the .7pm film and the tan<5 as 
noted above, the "Q" values were calculated and compared to results obtained from 
a resonator made from a film fabricated under similar conditions (figure 6). 
Also shown are the measured "Q" values for a resonator with a normal metal 
(gold) strip and ground plane. While the superconducting strip performs better 
than the normal metal, the measured "Q" values do not follow those predicted by 
the calculations using the transmission conductivity values. 



FIGURE 6. Measured and calculated values of unloaded Q for superconducting and normal resonators. 
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In summary, we have obtained the microwave conductivity at 35 GHz of laser 
ablated YBa 2 Cu307_ 4 thin films in the temperature range from 20 to 300 K. The 
conductivity values at room temperature are in close agreement with dc values 
reported for the same type of material. Comparing the values for a \ and a 2 for 
both films with those previously reported for laser ablated YBa 2 Cu 3 07_ 4 thin films 
on MgO and Zr0 2 suggest that LaA103 is a superior substrate for microwave 
applications. From these conductivity values, values for the zero-temperature 
magnetic penetration depth X 0 and the surface resistance R s , fundamental in the 
design of microwave devices and circuits, have been obtained. We have used the 
conductivity values to obtain conductor losses and Q-factors of a microwave 
transmission line. However, predicted and experimentally observed values are not 
in good agreement. Further work is needed in developing an accurate correlation 
between measured conductivity values and microstrip performance. 
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ABSTRACT 

Millimeter wave transmission measurements through YBa 2 Cu 3 07 _£ thin 
films on MgO, Zr0 2 and LaA10 3 substrates, are reported. The films (0.2 
to 1.0 pm) were deposited by sequential evaporation and laser ablation 
techniques. Transition temperatures T c , ranging from 89.7 K for the 
laser ablated film on LaA10 3 to approximately 72 K for the sequentially 
evaporated film on MgO, were obtained. The values of the real and imag- 
inary parts of the complex conductivity, o\ and a 2 , are obtained from 
the power transmitted through the film, 'assuming a two fluid model. The 
magnetic penetration depth is evaluated from the values of o 2 . These 
results will be discussed together with the frequency dependence of the 
normalized power transmission, P/P c » below and above T c , 


INTRODUCTION 

Millimeter wave measurements of the new high T c superconductors 
are of fundamental importance due to the potential applicability of 
these oxides in the fabrication of devices operational in these fre- 
quency ranges.^ Through these measurements, information on the nature 
of superconduc tivity in these new superconductors can be obtained from 
the temperature dependence of parameters such as the surface resist- 
ance, an(3 the complex conduc t ivi ty . Another important question 

is the applicability of millimeter wave measurements for the characteri- 
zation of superconducting thin films. While dc resistance versus 
temperature measurements give no further information once the zero 
resistance state is achieved, millimeter wave transmission and absorp- 
tion measurements provide a sensitive, contactless technique, which yield 
important information about the microstructure of superconducting films^ 
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and their behavior at temperatures below the critical temperature (T c ). 
Millimeter and microwave absorption studies in low and high T c super- 
conductors have been performed using resonant cavi t ies . Usually, 
those studies applying millimeter or microwave transmission analysis, 
have reported results at just one particular f requency . ® ^ 

In this work we have measured the power transmitted through 
YBa2Cu307_$ thin films at frequencies within the frequency range from 
26.5 to 40. 0 GHz and at temperatures from 20 to 300 K, From these mea- 
surements and assuming a two fluid model, we have obtained values of the 
normal and complex conductivities above and below T c respectively. 

The zero temperature magnetic penetration depth has been obtained using 
the value of the imaginary part of the complex conductivity, 03. 


ANALYSIS 


We have applied the two fluid model due to its simplicity and 
because in the past it has given good results for the microwave proper- 
ties of metallic type II superconductors in cases for fxo<< Eg a p*^ 

Since the energy gap for YBa2Cu307_£ superconductors corresponds to fre- 
quencies in the terahertz range, we expect the model to be applicable 
in the frequency range studied. In this phenomenological model, the 
complex conductivity is defined as 


<*l - 1<J 2 


( 1 ) 


with 


a l - °c and °2 = o c (l -.t^)/wx . (2) 

Here, a c is the normal conductivity at T = T c , to = 2trf is the angular 
frequency, t is the reduced temperature T/T c , and x is the mean car- 
rier scattering time. Thus, to determine either or 02 need to 

know the transition temperature T c and the value of a c . Furthermore, 
the value of x must be known beforehand if 02 is to be obtained from 
Eq. (2). 

In this study, the value of T c was determined from the standard 
four-point probe versus ‘ temperature measurements. To determine the nor- 
mal and complex conductivities, we used the method applied by Glover and 
Tinkham.^-® In this method, the transmission of a normally incident 
plane wave through a film of thickness d(<< wavelength or skin depth) 
deposited on a substrate of thickness 2, and index of refraction n, is 
measured. Following the notation of Glover and Tinkham^ the power 
transmission is given by 


T = 


8n_ 

A + B cos2k& + C sin2kQ, 


( 3 ) 


where 

A = 4 - 6n^ + 1 + 2(3n^ + l)g + (n^ + l)(b^ + g^) 

B = 2(n 2 - l)g - (n 2 - l) 2 + (n 2 - 1 ) (b 2 + g 2 ) 

C = 2(n 2 - 1 )nb 
k = ntu/c 
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and 


y = g - ib = YZc - (G - iB)Z c = (o^ - ia 2 )dZ c 

is the dimensionless complex admittance per square of the film in units 

of the characteristic admittance, Z^\ of the wave guide 

(Z c = V v^l ' (f c /f ) 2 » z o = 377 Q, mks; Z Q * 4-rr/c , cgs; f c = cutoff 
frequency of the TE mode wave guide and f is the operational 
frequency) . 

In the normal state, Eq. (3) becomes 


N 2 2 2 

a d Z Q + a xr dZ R + P 
N c ^ N c 


where 


a^ = normal conductivity 

Q = (n 2 + 1) + (n 2 - l)cos2k& 

R “ 2(3n 2 + 1) + 2(n 2 - l)cos2kQ, 

P = n + 6n 2 + 1 - (n 2 - l) 2 cos2kft* 

The normal state conductivity of the film can be expressed conveniently 
in terms of the power transmission as 

- RT » -V r2, n - - »" 2 > 

CT N 2QT.,dZ (5) 

N c 

where only the expression with the +■ sign has physical relevance. It is 
convenient to use the ratio t s /t n in the analysis of the superconduct- 
ing state, where Tg refers to the transmission in the superconducting 
state given by Eq, (3). Thus, 


T a. 2 . d 2 Z 2 Q + a.,dZ R + P 

S _ N c^ N c 

T A + B cos2k& + C sin2kSl 
N 


Solving (6) for the imaginary part, 02 , of the conductivity, and using 
the value of at T = T c we have 


oJa r = - (3/2 — + 
2 c ad Z 


c c 


K - y] - -P- - 

(o dZ r L J o 2 dZ V c J 


c c 


+ (T/T) 

c S 


c c 


, a y 

1 + + L - 


a dZ (a dZ ) 4 
c c c c 


1/2 


( 7 ) 


where a and T are the conductivity and the transmissivity at 
c c J 

T = T , and 
c 
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a = g [6n 2 + 2 + 2(n 2 - l)cos2k!l] 

|3 = i [-2n(n 2 - l)sin2kl] 

Y = g [n 4 + 6n 2 + 1 - (n 2 - l)cos2k!i] 


D = n 2 + 1 + (n 2 - 1 )cos2k£ . 

Thus, from the relation for a\ in Eq. (2), and Eq. (7), the real and 
imaginary parts of the complex conductivity can be determined. 

The magnetic penetration depth, X, can be obtained from the 
London expression 


\ = 


* 1/2 


p uo 0 
O o 1) 


( 8 ) 


which can be written in terms of the superfluid density Ng, as 


X = 


f m X 


1/2 


(9) 


where m is. the effective mass of the charge carriers. From the two 
fluid model 


N 

N 


S 


= 1 


( 10 ) 


where N = N n + N s is the total number of carriers per unit volume, we 
have 


X = 


u Ne 
o 


1/2 


(1 


t*) 


- 1/2 


- 1/2 


« X (1 - O 

o 


(ID 


From this expression the zero-temperature penetration depth, X Q , can be 
obtained. Because Eq. (9) applies to homogeneous superconductors, the 
values of X 0 obtained in this method are larger than those that would 
be obtained for homogeneous films. 

Our measurements were made on thin films (0.2 to 1.0 pm thickness) 
of YBa 2 Cu 307 _§ on LaA 103 , MgO and Zr02 substrates. The substrates were 
generally between 0.025 and 0.100 cm thick. The deposition techniques 
used for the preparation of the films used in this study are described 
in Refs. 19 and 20. For the laser ablated films, X-ray diffraction data 
showed that the films were c-axis oriented on LaAlOg and partially 
c— axis oriented for those on MgO and Zr02« They had T c 's ranging from 
89.7 K for the film on LaA 103 to 79 and 78 K for those deposited on MgO 
and Zr02 respectively. The film deposited by sequential evaporation on 
MgO had a T c of approximately 72 K. 

The power transmission measurements were made using a Hewlett- 
Packard model HP-8510 automatic network analyzer connected to a modified 
closed cycle refrigerator by Ka-band (26.5 to 40.0 GHz) waveguides. 
Inside the vacuum chamber of the cryosystem, the sample was clamped 
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between two waveguide flanges which were in direct contact with the cold 
head of the refrigerator. The power transmitted through the sample was 
obtained by measuring the scattering parameters as described in Ref. 21. 
The temperature gradient of the waveguide flanges between the top and 
bottom of the sample, was estimated to be 2.5 K or less at 90 K. The 
system was properly calibrated with short, open, load and through cali- 
bration standards before each measurement cycle was started. 


RESULTS 

Figures 1 and 2 show the temperature dependence of the normalized 
power transmitted through YBa 2 Cu 307 _$ thin films deposited by laser 
ablation on LaA 103 and MgO respectively. The data are normalized with 
respect to the transmitted power at the critical temperature T c . The 
measurements of the power transmitted through the films were started at 
room temperature and then carried out during sample cooling. In Fig. 1, 
it can be observed that the rapid decrease in transmitted power occurs 
at T c . This is typical of films with a high degree of homogeneity, 
where all the regions of the film undergo the superconducting transition 
simultaneously . This is not the case for the film considered in Fig. 2, 
for which the transmitted power starts to decrease rapidly at tempera- 
tures just below an onset temperature ( — 90 K) approximately 11 K above 
its transition temperature of 79 K. This behavior may be associated 
with the presence of inhomogeneities, resulting in a distribution of 
transition temperatures. For temperatures below T c both films are 
characterized by a smooth decrease of the power transmitted through 
them. 


The behavior shown in Figs. 1 and 2 for the power transmitted 
through the film-substrate combination, as a function of decreasing tem- 
perature, was also observed for the laser ablated film on Zr 02 and for 
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FIGURE 1. - NORMALIZED TRANSMITTED POWER VERSUS TEMPERATURE FOR A LASER ABLATED 
YBajCUjO^j THIN FILM (0.7 MICRONS) ON LaAIOj AT 37.0 GHz. 
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FIGURE 2. - NORMALIZED TRANSMITTED POWER VERSUS TEMPERATURE FOR A LASER ABLATED 
YBa 2 Cu 3 0 7 _ 6 THIN FILM (0.2 MICRONS) ON MgO AT 28.5 GHz, 


the sequentially evaporated film on MgO. For the latter film the trans- 
mission data suggest a lower film quality when compared to the film 
deposited on MgO by laser ablation. The films on ZrO£ and sequentially 
evaporated on MgO also show a wide transition region. This temperature 
behavior was verified to be frequency independent for the frequencies 
employed in this study, and our analysis suggest that it is related to 
the degree of homogeneity and quality of the films. 

Figures 3 to 10 and Table I, show the results for the conductivity 
above and below T c , and at different frequencies, for the various films 
considered in this study. Figures 3 and 4 show the real and imaginary 
parts of the conductivity, a r and 03 respectively, corresponding to 
the YBa 2 Cu 307 _§ film deposited on LaA 103 by laser ablation. The value 
for the normal conductivity at room temperature, 2.0x10^ S/m, compares 
reasonably well with reported values of the dc conductivity in this 
type of film. ^2* 23 -phe cusp in o r at the transition temperature can 
be observed clearly in Fig. 3 and again indicates the high level of 
homogeneity and quality of this film. The imaginary part of the conduc- 
tivity increases as a function of decreasing temperature, as can be seen 
in Fig. 4. Values of 5.17x10^ S/m and 6.80x10^ S/m are obtained at 70 
and 40 K respectively. Using Eq. (8) we find X = 0.81 pm at 70 K and 
X = 0.70 pm at 40 K. From the value of X at 40 K we found 
X 0 = 0.69 pm . 

Figures 5 to 10 show the real and imaginary parts of the complex 
conductivity for the laser ablated films on MgO and Zr02» and for the 
sequentially evaporated film on MgO. Note that the normal to the super- 
conducting transition region has been clearly identified in Figs. 5, 7 
and 9. In the absence of a physical model which can account for the 
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O CALCULATED DIRECTLY FROM TRANSMISSION MEASUREMENTS 
• CALCULATED USING TWO FLUID MODEL. 
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FIGURE 3. - REAL PART OF THE CONDUCTIVITY, O r , VERSUS TEMPERATURE FOR A LASER 
ABLATED YBa 2 Cu 3 0 7 _ 6 THIN FILM (0.7 MICRONS) ON LaAlOj AT 37.0 GHz. <J r = 0 N FOR 


T > T c AND O r ■ 


FOR T < T, 
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FIGURE A. - IMAGINARY PART OF THE CONDUCTIVITY. 0 ? . VERSUS TEMPERATURE FOR A LASER 
ABLATED YBa 2 Cu 3 0;. 6 THIN FILM (0.7 MICRONS) ON LaAl0 3 AT 37.0 GHz. 
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FIGURE 7. - REAL PART OF THE CONDUCTIVITY. <J r . VERSUS TEMPERATURE FOR A LASER 
ABLATED YB3 2 Cu 3 0 7 _ 6 THIN FILM (0.75 MICRONS) ON ZrO, AT 37.0 GHz. 0 , = 0 N 
FOR T>T AND O r = 0, FOR T< T 



FIGURE 8. - IMAGINARY PART OF THE CONDUCTIVITY. <J 2 . VERSUS TEMPERATURE FOR A LASER 
ABLATED YBa 2 CUj0 7 _g THIN FILM (0,75 pm) ON Zr0 2 AT 37.0 GHz. 
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TABLE I. - MILLIMETER WAVE CONDUCTIVITIES (a 1 ,a 2 ) AND ZERO TEMPER- 
ATURE PENETRATION DEPTH (X Q ) AT 35.0 GHz FOR YBa 2 Cu 3 07 _ ( $ THIN 
FILMS DEPOSITED ON DIFFERENT SUBSTRATES BY LASER ABLATION 
(LA) AND SEQUENTIAL EVAPORATION (SE) 


Parameter 

Substrates 

MgO 

LaA10 3 

Zr0 2 

SE 

LA 

LA 

LA 

X 

o 

'w' 
t— i 

b 

3.0xl0 4 S/m 

3.9xlO a S/m 

3.3xl0 5 S/m 

1.7xl0 5 S/m 

<72 ( 70K) 

1 .9x10* S/m 

l.lxlO 6 S/m 

6.4xl0 6 S/m 

L.lxlO 6 S/m 

ai (40K) 

3 . lxLO 3 S/m 

4.1x10^ S/m 

3.5xl0 4 S/m 

1 . 9xl0 4 S/m 

<7 2 (40K) 

7.1xl0 4 S/m 

4.0x10^ S/m 

7 . 7xl0 6 S/m 

3.6xl0 6 S/m 

*0 

6.8 pm 

0.91 pm 

0.67 pm 

0.96 pm 


distribution of normal and superconducting material in the transition 
region, we can not accurately determine the normal conductivity down to 
the transition temperature T c . Therefore, we have considered the crit- 
ical conductivity to be the conductivity at or just above the onset tem- 
perature. Since the two fluid model approximation is based upon the 
assumption that the normal to the superconducting state transition is a 
sharp one, as for the film on LaA10 3 , the values of obtained using 

°c = a onset i- n Eq. (2) will be less than those expected for a sharp 
transition. The magnitude of this difference will depend upon the width 
AT of the transition region and the overall film quality. To estimate 
the size of the discrepancy between using a c at T onset and a c at 
T c , one can extrapolate a r above T onset to T c . When this is done, 
the a c obtained is 12 percent larger for the laser ablated film on 
MgO, 3.3 percent for the laser ablated film on Zr0 2 and 1.7 percent 
larger for the sequentially evaporated film on MgO. In the better films 
the discrepancy between ^onset anc * the extrapolated value of o r at 
T c , is larger due to the larger slope of cr r for temperatures above the 
onset temperature as can be seen in Figs. 5, 7, and 9. This discrepancy 
becomes smaller as T onset nears T r , as for the film on LaA10 3 . 

Figures 6, 8 and 10 show the imaginary part of the complex conduc- 
tivity for the laser ablated films on MgO and Zr0 2 i and for the sequen- 
tially evaporated film on MgO. Using Eq. (8) we obtain values for X 
of 1.1, 0.95, and 9.1 pm, at 40 K, for the laser ablated films on MgO 
and Zr0 2 and for the sequentially evaporated film on MgO respectively. 
Additional values for the conductivities and for X Q at 35.0 GHz are 
given in Table I. The value for X 0 obtained for the laser ablated 
film on LaA10 3 , compares favorably with that reported by Kobrin, 
et al.^4 (X Q ~ 0.48 pm, at 60.0 GHz) for ion-beam sputtered YBa 2 Cu 3 07 _§ 
films on LaAl0 3 . 
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CONCLUSIONS 


Millimeter wave power transmission studies have been performed on 
YBa 2 Cu 307 _£ thin films at frequencies within the frequency range from 
26.5 to 40.0 GHz and at temperatures from 20 to 300 K. The normal, o^, 
and complex, <ji - i<J2» conductivities have been determined for laser 
ablated films on LaAl 03 , MgO and Zr02- The conductivities of films on 
MgO grown by laser ablation and sequential evaporation have been com- 
pared. From the results obtained in this study, it is apparent that at 
least for films deposited on MgO, films deposited by laser ablation 
appear to have a higher quality than those deposited by the sequential 
evaporation technique. We have also shown that millimeter wave trans- 
mission and conductivity measurements can be us£d as a test of thin 
film quality. It was observed that for a film with a narrow transition 
region, the two fluid model should be more applicable than for those 
films with a wide transition region. Finally, values for the zero- 
temperature magnetic penetration depth have been determined from the 
obtained values of o 2 . 
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SUMMARY 

A knowledge of the dielectric properties of microwave substrates at low 
temperatures is useful in the design of superconducting microwave circuits. 

In this paper, we report the results of a study of the complex permittivity of 
sapphire (AI 2 O 3 ), magnesium oxide (MgO), silicon oxide (Si 02 ), lanthanum alumi- 
nate < LaAl O 3 ) , and zirconium oxide (Zr 02 ), in the 20 to 300 K temperature range, 
at frequencies from 26.5 to 40.0 GHz. The values of the real and imaginary 
parts of the complex permittivity were obtained from the scattering parameters, 
which were measured using a HP-8510 automatic network analyzer. For these 
measurements, the samples were mounted on the cold head of a helium gas closed 
cycle refrigerator, In a specially designed vacuum chamber. An arrangement of 
wave guides, with mica windows, was used to connect the cooling system to the 
network analyzer. A decrease In the value of the real part of the complex per- 
mittivity of these substrates, with decreasing temperature, was observed. For 
MgO and AI 2 O 3 , the decrease from room temperature to 20 K was of 7 and 
15 percent, respectively. For LaA 103 , it decreased by 14 percent, for Zr 02 
by 15 percent, and for Si O 2 by 2 percent, in the above mentioned temperature 
range. 


INTRODUCTION 

The successful application of thin films, made with the new high temper- 
ature superconductor oxides, in the development of microwave circuits, rest 
considerably on the dielectric properties of the different substrates used for 
film deposition. For microwave applications, it is desirable to have sub- 
strates with low dielectric constant and loss tangent, (ref. 1 ) If good 
performance from microwave components is expected. 

Until now, Y-Ba-Cu-0 films deposited on SrT 103 , have shown the highest 
quality when compared with films deposited on other substrates. Nevertheless, 
due to Its extremely temperature dependent dielectric constant, with a value 
for 300 at room temperature, around 1000 at 77 K, and over 18000 at helium tem- 
peratures, and Its considerably high loss tangent, (ref. 2 ) its microwave appli- 
cability is rather limited. Although other materials as MgO, LaA 103 , and Zr 02 
are now being used as substrates, information about their dielectric properties 
at temperatures below room temperature, and for some of them even at room tem- 
perature, is rather scarce. 
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In this paper, we report on the measurements of the microwave complex per- 
mittivity of MgO, Al 2 O 3 , LaAlC> 3 , Zr0 2 , and SIO 2 , In the 20 to 300 K temperature 
range and as a function of frequency. The measurements were taken following a 
method previously reported by other authors (refa. 3 to 5). This method allows 
the determination of both parts of the complex permittivity In a rather simple 
way, and Is very convenient for cases In which a fast determination of the 
dielectric constant of a material Is needed. Nevertheless, the method has a 
high uncertainty in the measurement of the Imaginary part of the complex per- 
mittivity for materials with very low loss tangent. 


ANALYSIS 


In order to determine the value of the real and imaginary parts of the 
complex permittivity for the various substrates under consideration, we have 
followed the method proposed by Nicolson and Ross, (ref. 3) as modified by 
Wier, (ref. 4) and following the implementation suggestions of reference 5. In 
an ideal case, consider a piece of material Installed In a rectangular wave 
guide with characteristic Impedance Zo, as shown in figure 1. 


After solving the corresponding boundary conditions at x = 0 and x « d, 
the scattering parameters, S]](co) and SpiU), can be related with the 
reflection, r, and transmission, T, coefficients, as follows. 


’ll 


(i - rn 
1 - rV 


21 


(i - r)T 
1 - r 2 T 2 


(i) 


The reflection coefficient, when the length of the material Is Infinite, 
is given by 


r - 



( 2 ) 


Also, the transmission coefficient, when the length of the material Is 
finite, is given by, 

T = exp(-jw ye d) = exp[(-jw/c) ji r e r d] (3) 

Thus, the reflection and transmission coefficients can be derived by meas- 
uring Si](o>) and S 2 1 (to) , and in turn they can be used to obtain the value of 
the permittivity. 

The experimental configuration used for the measurements of the reflec- 
tion, S]](co), and transmission, S2 1 C<o) , scattering parameters for the samples 
under consideration, Is shown In figure 2. The measurements were made using an 
HP-8510 automatic network analyzer, properly connected by an arrangement of 
Ka-band (26.5 to 40.0 GHz) wave guides, to a cooling system. The cooling sys- 
tem consist of a CTI-Cryogenlcs closed cycle helium refrigerator, associated 
with a Lake Shore Cryotronlcs temperature controller, model DRC 91C, which 
allows measurements to be taken at the required low temperatures. 
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The measurements were performed under vacuum (< 10~3 torr), In an aluminum 
vacuum chamber specifically designed to fit on the top of the external shield 
of the refrigerator and to give access to the set up of wave guides connecting 
the network, analyzer with the refrigerator. In order to preserve the vacuum 
inside the chamber, two mica windows were placed at Its ends. The material for 
the windows was selected due to its very low loss and transparency in this 
frequency range. 

In order to measure the scattering parameters, the sample was held in a 
sample holder which was suspended between two wave guide flanges, as shown in 
figure 3. The wave guide flanges were in direct contact with a copper plate, 
which In turn was attached to the cold head of the refrigerator,. The two sup- 
porting wave guides inside the vacuum chamber, were specially designed to be 
used at low temperatures. They are made of stainless steel, a relatively poor 
thermal conductor. A gold plating of their internal surfaces was performed, in 
order to reduced the microwave losses. Finally, in an attempt to reduce the 
errors induced in the measurements, possibly due to linear thermal contractions 
of the wave guides as the temperature decreases, the system was calibrated at 
all the temperatures at which measurements were taken. These calibrations were 
stored, so that they could be recalled to be used in later measurements. 


RESULTS 

The thickness of the substrates used in this study, varies from 0.285 mm 
for MgO, to 1.641 mm for S i O 2 • The thicknesses for the AI 2 O 3 , LaA 103 , and 
Zr 02 samples are 0.496 mm, 0.432 mm, and 0.494 mm respectively. Figures 4 to 
7 and table I show the measurement results for the real part of the complex 
permittivity of the samples, at room temperature and at 20 K. The value for 
the dielectric constant of MgO at room temperature agrees well with values quoted 
by other researchers (refs. 6 , 7, 9). For A1 2 O 3 and SIO 2 , the values of the 
dielectric constant obtained at room temperature, are also in good agreement 
with the values quoted by Zahopoulos (ref. 8 ) and Von Hlppel (ref. 7) respec- 
tively. Although for Zr 02 there appear to be no data for comparison in this 
frequency range, the value for its dielectric constant at room temperature is 
consistent with the one reported by Gorshunov, et al . , (ref. 9) at frequencies 
within 10 11 to 10 12 Hz. In the case of LaA 103 , the value obtained for its 
dielectric constant at room temperature is not consistent with the value of 
15.3 reported by Simon, et al . (ref. 1). Due to this discrepancy, measurements 
were performed in four different LaA 103 samples, each one made from different 
batches, in order to determine if the disagreement was due to intrinsic pro- 
perties of the sample. The value of the dielectric constant obtained from 
these measurements was practically the same for all the samples and was con- 
sistent with our previously determined value. Nevertheless, since not much 
Information for the value of the dielectric constant of this substrate is 
available yet, additional experimental verification will be appropriate. 

Table I shows the real and imaginary parts of the complex permittivity, 
at four different temperatures and at 32.9 GHz. A decrease in the value of the 
real part of the complex permittivity is clearly observed In all the substrates 
under consideration. For MgO and Al 2 O 3 , a decrease of 6 and 14 percent down 
to 70 K, and of 7 and 15 percent down to 20 K respectively, is observed. For 
LaA 103 and Zr 02 , the value of the real part of the complex permittivity Is 
lowered by 10 and 13 percent respectively, at temperatures around 70 K, and 
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goes down 14 percent for LaA 103 and 15 percent for ZrC> 2 , at 20 K. For SIO 2 , 
the dielectric constant Is lowered by 1 percent at 70 K and by 2 percent for 
temperatures around 20 K. 

From comparison of the data of table I with that of the references men- 
tioned, It can be seen that there Is relatively good agreement for the real 
part of the complex permittivity but wider variation for the imaginary part. 

For example, a comparison of the value for the loss tangent for MgO at room 
temperature, 8 xl 0 ~s obtained from the data in table I, with the value quoted 
by Von Hlppel, 3x1 0 - ^ , reveals a difference of two orders of magnitude. Due 
to this fact, It Is very difficult to observe a particular temperature and fre- 
quency dependence for this parameter. This is an intrinsic limitation of the 
technique, when applied In the calculation of the Imaginary part of the complex 
permittivity for materials of low loss tangent, as mentioned in the 
Introduction. 


The frequency of 32.9 GHz was selected for construction of table I as 
being typical of the largest variations with temperature. Finally, for these 
measurements, the statistical error In the real part of the complex permit- 
tivity Is ± 0 . 02 , while the variation in the Imaginary part Is larger. 


CONCLUSIONS 

The real and Imaginary parts of the complex permittivity for MgO, A 1 2 O 3 , 
LaA 103 , ZK >2 and SIO 2 have been measured. A decrease In the value of the real 
part of the complex permittivity, with decreasing temperature, was observed In 
all the substrates. Nevertheless, no considerable change was observed as a 
function of frequency. The results obtained In this study show that, at least 
from the stand point of the dielectric constant, the substrates considered 
appear to be better suited than SrTIO^, for use with the new high temperature 
superconductors In microwave applications. 
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TABLE I. - COMPLEX PERMITTIVITY OF MICROWAVE SUBSTRATES AT 32.9 GHz 
[e' r = real part of complex permittivity. e" r = imaginary part of 
complex permittivity.] 


Substrate 

MgO 


Al 2 O 3 

LaA10 3 

Zr0 2 

Si 0 2 

Temperature , 
K 

e'r 

£ "r 
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€ "r 

€ V € "r 

e'r €" r 

300 

9.88 0 
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150 

9.45 

.726 

8.52 

.925 

21.6 

1,48 

23.6 

1.75 

3.80 
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70 

9.26 

.351 

8.19 

.695 

19.7 

2.98 

22.0 
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3.78 

.688 

20 

9.19 

.420 

8.11 

.613 

18.8 

3.71 

21.6 

2.23 
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FIGURE 5. - MgO SUBSTRATE AT 20 K. 
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SUMMARY 

We report on the measurements of the millimeter wave surface resistance 
(R s ) at 58.6 GHz of bulk samples of RBa 2 Cu 307 _§ (R - Y,Eu,Dy,Sm,Er) and of 
YBa 2 Cu 307 _§ superconducting films, In the temperature range from 20 to 300 K. 
The bulk samples were prepared by cold pressing the powders of RBa 2 Cu 307 _§ 

Into 1 In. diameter disks which were sintered at 925 °C In one atmosphere of 
oxygen. The thin films were deposited on SrT 103 and LaGaO^ substrates by 
pulsed laser ablation. Each sample was measured by replacing the end wall of 
a gold-plated TEqh circular mode copper cavity with the sample and determin- 
ing the cavity quality factor Q. From the difference In the Q-factor of the 
cavity, with and without the sample, the R s of the sample was determined. 


INTRODUCTION 

Investigation of the properties of the high transition temperature (T c ) 
superconductors at millimeter wave frequencies Is Important not only to evalu- 
ate their potential for practical microwave applications but also In an attempt 
to determine the extent to which the standard microscopic theories are able to 
describe the phenomena of superconductivity in these new materials. From the 
application point of view, the main interest is to determine how well these 
materials will perform when Implemented to transmission lines and microwave 
devices in comparison with the most commonly used normal metals (Cu and Au) 
and lower T c superconductors currently In use. A parameter which directly 
provides this information Is the surface resistance <R S ). To date, a consider- 
able amount of work has been done on measurements of the R s both In bulk and 
thin film high T c superconductors at different temperatures and frequencies 
(refs. 1 to 6). Nevertheless, to the best of our knowledge, no measurements 
of R s have been reported at frequencies around 60 GHz. In this paper, we 
report on the measurements of the surface resistance of R-Ba-Cu-0 (R = Y,Eu,Dy, 
Sm,Er) bulk superconductors and YBa 2 CU 307 _$ superconducting thin films at 
58.6 GHz and at temperatures from 20 to 300 K. 
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EXPERIMENTAL 


The bulk samples were made from cold pressed (20,000 ps 1 ) sintered powders 
made from starting powders of Ba 02 (99.89 percent pure), CuO (99.99 percent 
pure) and R 2 O 3 (R = Y,Eu,Dy,Sm,Er), (99.99 percent pure). The powders were 
ground together by hand, fired at 925 °C in flowing oxygen (O 2 , 99.995 percent 
pure) for 6 hr, and were cooled to 450 °C at the rate of 2 °C/min. The mate- 
rial was then held at 450 °C for 6 hr before being cooled to room temperature 
at 2 °C/min. Afterwards, the powders were reground and refired using the same 
procedure. After the second firing x-ray diffraction showed that the powders 
were in the superconducting phase. Then the powders were ground and pressed 
into disks of 1 in. diameter and 1/4-in. thickness and fired at 925 °C. 

The pulsed laser ablation technique used for the deposition of the film is 

similar to that used by other researchers (refs. 7 and 8 ). The deposition was 

performed at a substrate temperature of 750 °C at an ambient oxygen pressure 
of 170 mtorr . The laser wavelength was 248 nm, the pulse length was 20 to 
30 ns, and the pulse rate was 4 pps. During deposition, the distance between 

the target and the sample was kept at 7.5 cm and the laser fluence on the tar- 

get was maintained at 2.0 J/cm 2 per pulse. During this process, the laser 
beam was scanned up and down 1 cm over the target using an external lens on a 
translator. At the end of the deposition process, the oxygen pressure was 
raised to 1 atm, and the temperature was lowered to 450 °C at a rate of 
2 °C/min. The temperature was held at 450 °C for 2 hr before it was lowered 
to 250 °C at a rate of 2 °C/min. The heater power was turned off and the sam- 
ple was allowed to cool down to 40 °C or less before it was removed from the 
chamber. A more detailed description of the deposition technique is given in 
reference 9. 

Surface resistance measurements of both types of samples were made at 
58.6 GHz applying the same experimental technique. Using an HP-8510 network 
analyzer and Glnzton's Impedance method (refs. 10 and 11) the Q-factor of the 
cavity was determined from the reflection coefficient. In each case the end 
wall of the cylindrical cavity < TEq 1 3 mode) was replaced by the superconduct- 
ing sample, and R s was calculated from the difference in Q values of the 
bare cavity and the cavity with the sample in place. All the measurements 
were taken at temperatures from 20 to 300 K, and under a vacuum of less than 
10 mtorr. 


RESULTS 

The dc resistance versus temperature measurements were performed using a 
standard four probe method. For the bulk samples the transition temperatures 
(T c , R,j c = 0) were distributed between 91.8 K (Eu-Ba-Cu-0) to 79.0 K 
(Y-Ba-Cu-0 and Sm-Ba-Cu-0), as can be seen from dc resistance versus _ tempera- 
ture curves shown in figures 1(a) and (b). All the samples had densities from 
50 to 60 percent of the ideal, and from SEM micrographs grain sizes of approxi- 
mately 5 pm were observed. Figure 2 exhibits the measured Q-factor for the 
cavity as a function of temperature for cases in which its end wall had been 
replaced by each of the bulk samples under study. It is observed that the Y, 
Eu, and Dy based samples show a clear increase of the Q-factor at tempera- 
tures below T c , while a rather discrete change is noticed for the Sm-based 
sample. No change in the rate of increase of Q with decreasing temperature, 
at temperatures below T c , is observed for the Er-Ba-Cu-0 sample. 
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Therefore, these observations appear to suggest that although the cold press- 
ing method yields bulk samples with reasonably good T c values, Is does not 
guarantee obtaining samples with low R s values. Clear evidence of this Is 
observed In particular In the Er-based sample, and to less extent In the 
Eu-based sample. The behavior of the Q-factors for the different samples con- 
sidered Is In fair agreement with the concept that the losses In these ceramics 
appear to be dominated by the weak coupling between grains (ref. 12), espe- 
cially for grains close to the surface where most of the losses take place. 

Figure 3 shows the experimental values of the surface resistance for the 
Y-, Dy- and Eu based bulk samples. Also plotted Is the experimental surface 
resistance for the gold-plated copper cavity for comparison. It Is observed 
that the R s for the YBa2Cu307_§ sample Is smaller than that for the other 
bulk samples, at temperatures below T c . The R s values for the samples at 
temperatures below T c are beyond a factor of 2 smaller than the values In 
the normal state. Nevertheless, none of the samples showed an R s better 
than that of the gold-plated cavity even at temperatures below T c . The fact 
that the surface resistance obtained for these samples Is not comparable with 
that of gold at any temperature Is evidence of the poor quality of the surface 
of samples prepared by the preparation process considered In this study. 

Figure 4 shows the dc resistance versus temperature curves corresponding 
to YBa2Cu207_5 superconducting films deposited on SrT103 and LaGa03 substrates 
by laser ablation. Zero dc resistance was attained at 90.0 and 88.9 K for the 
films on SrT103 and LaGa03, respectively. The x-ray diffraction pattern 
revealed that both films are predominantly c-axis oriented, while SEM micro- 
graphs showed that both films are polycrystalline, as can be seen from fig- 
ure 5 . Figure 6 shows the measured Q-factor for the cavity as a function of 
temperature for cases in which its end wall had been replaced by the 
YBa2Cu307_§ films. A clear increase in the Q-factor is observed for both 
films at temperatures below T c , with the rate of increase of the Q-factor 
with decreasing temperature being higher for the film on Sr Ti O3 than for the 
one on LaGa03 down to 50 K. At temperatures below 50 K we are limited by the 
resolution of our measurements. Therefore, contrary to what was observed In 
the bulk material, the value of T c appears to be directly related with lower 
microwave losses. 

The measured R S (T) curves for the two films under study are shown in fig- 
ure 6, In addition to the curve corresponding to the gold-plated copper cavity. 
The R s of the films Is comparable in the normal state, while the R s for 
the film on SrTi03 was lower than that for the film on LaGaOg at temperatures 
just below T c . Using the normal skin depth formula R s = (u ja 0 p/ 2 ) 1/2 a typi- 
cal resistivity p at 300 K of approximately 118 and 158 pQ-cm is obtained 
for the film SrTi03 and LaGa03, respectively. In the superconducting state 
the films on Sr Ti O3 and LaGa03 exhibit a drop of R s to effective values of 
103 and 144 mO at 77 K, and 82 and 116 mO at 70 K, respectively. The surface 
resistance at 77 K for the film on SrT103 is less than that of the gold-plated 
cavity, while for the film on LaGa03 R s is the same as for the gold-plated 
cavity. Nevertheless, the value of R s at 77 K for both films is higher than 
the theoretical R s value expected for copper at the same temperature and 
frequency. 

Since we are operating at a fixed frequency, we cannot study the frequency 
dependence of R s directly from our measurements. Nevertheless, a comparison 
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of the R s values with those reported by other researchers in similar types 
of films and at different frequencies, may be helpful to formulate a frequency 
dependence trend for R s . Thus, using the results obtained by Klein, et al. 
(ref. 13) for c-axis textured layers samples of YBa 2 Cu 307 _ 5 , and fitting their 
data to a quadratic frequency dependence for R s , gives an R s value of 102 mfi 
at 58.6 GHz and 77 K. This value agrees very well with our experimentally 
obtained value of 103 mQ at the same temperature. A similar approach was used 
for the film on LaGa 03 - Using the values for R s at 22, 86 , and 148 GHz and 
at 70 K reported by Cooke, et al. (ref. 14) for a YBa 2 Cu 307 _§ superconducting 
film deposited by magnetron sputtering on LaGa 03 , we were able to find by 
Interpolation an R s value of 106 mfi at 58.6 GHz. This value is within exper- 
imental uncertainty of our measured value of 116 mfl. These results indicate 
that our value fit well with the nearly quadratic dependence for R s (R $aw n , 
n = 2.06+0.14) reported by Cooke, et al. (ref. 14). Our results, as well as 
those obtained by the above mentioned researchers, indicates that the quadrat- 
ic dependence observed for R s is consistent with the experimental behavior 
observed in low T c superconductors and also with the predictions of the BCS 
theory. 


CONCLUSIONS 

There appears to be no direct correlation between the surface resistance 
R s and the transition temperature T c In the RBa 2 Cu 307 _§ bulk superconduct- 
ing samples obtained by the cold pressing preparation method. Therefore, the 
dominating factors which control the microwave losses can only be guessed at. 
Some of the possible factors which could control the losses are: the weak cou- 

pling at grain boundaries, the purity of the sample and the possible segrega- 
tion of composition at the surface. Two main factors can contribute to the 
presence of weak coupling. The first is the Intrinsic mismatch of the lattice 
and the segregation of Impurities to the grain boundaries, while the second 
could be reactions with the ambient environment (i.e., water vapor and CO 2 ). 
This environmental reactions primarily occur at the surface and would not 
appreciably affect the bulk properties in a short time period. If the losses 
are due to either the reaction of the surface with the environment or due to 
porosity, then a different pressing process to make denser pellets should give 
samples with lower microwave losses. 

For the YBa 2 Cu 3 C> 7 _s superconducting films on SrTi 03 and LaGaC >3 we found 
from a correlation of the R s values obtained for both films with those 
obtained for similar films measured by other researchers at different frequen- 
cies, that these values are consistent with the frequency dependence for R s 
observed in classical superconductors, and also with the predictions of the 
BCS theory. 

In summary, we have measured the R s of bulk RBa 2 Cu 3 C> 7 _s (R = Y,Dy,Eu, 
Sm,Er) superconducting samples and found that none of them performed as well 
as gold. Also, for the 1.2 pm thin films of YBa 2 Cu 307 _$ on Sr T i O 3 and LaGa 03 
we obtained values of R s significantly lower than gold at temperatures below 
70 K, but we are limited by the resolution of our measurement in accurately 
determining R s values below 50 K. 
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Figure 4. - dc resistance versus temperature measurements of 
laser ablated YBagCuaOy.* superconducting films on SrTiOa 
and LaGa03 substrates. 


Figure 5. - Scanning electron micrographs of laser ablated YBa 2 Cu 3 0 7.$ 
superconducting films on SrTO3 (a) and LaGa03 (b) substrates. 
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Figure 6. - Measured Q of the cavity, with one end wall replaced 
by the thin film, as a function of temperature. 



Figure 7. - Surface resistance (R s ) at 58.6 GHz versus temper- 
ature for 1.2 pm films of YBa 2 Cu 3 07. 6 deposited by laser 
ablation onto SrTi0 3 and LaGa0 3 substrates, and for gold- 
plated cavity. 
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ABSTRACT 

A high quality superconducting film on a substrate with a low 
dielectric constant is desired for passive microwave circuit appli- 
cations. In addition, it is essential that the patterning process 
does not effect the superconducting properties of the thin films to 
achieve the highest circuit operating temperatures. We have grown 
YBa 2 Cu 3 0 7 superconducting films on lanthanum aluminate substrates 
using a laser ablation technique with resulting maximum transition 
temperature (T c ) of 90 K. The films were grown on LaA10 3 which was at 
775 °C and in 170 mtorr of oxygen and slowly cooled to room tempera- 
ture in 1 atm of oxygen. These films were then processed using 
photolithography and a negative photoresist with an etch solution of 
bromine and ethanol. Results are presented on the effect of the 
processing on T c of the film. 

I. INTRODUCTION 

Laser-ablated, high- tempera ture superconducting (HTS) YBa 2 Cu 3 0 7 
films have been made on many substrates including SrTi0 3 , MgO, 

LaGa0 3 , and Zr0 2 . 1-7 These substrates were used because they either 
had very small interaction with the HTS films during growth or 
annealing or because the substrates with HTS films had potential 
electronic applications. In this paper, we report on the growth and 
patterning of thin YBa 2 Cu 3 0 ? films on LaA10 3 for microwave applica- 
tions. LaA10 3 was chosen as a substrate because of its relatively low 
dielectric constant of 22 8 and because of it moderate loss tangent of 
8xl0" 5 at 10 GHz 9 . 

Lines varying in width from 10 to 20 fim were patterned using 
photolithography and wet etching techniques. To determine if the 
etching or lithography process had influenced the transition temper- 
ature of the films. A ring resonator circuit operating at 35 GHz was 
also fabricated, since the resonator allows the determination of 
loss and dispersive properties of microstrip transmission line. From 
the measurement of the quality factor "Q" of a resonator circuit one 
can determine the microwave losses of the HTS films as compared with 
those of gold on the same substrates. 


*Work done under NASA contract //NAS3-25266 ; Regis Leonard, monitor. 


124 



II. Film Growth 


The laser ablation technique used to grow the films on sub- 
strates of LaA10 3 is similar to the techniques reported in the 
literature. 1 " 7 The details of the geometry of the laser ablation is 
shown in Fig. 1. The substrates (15 by 15 by 0.25 mm) with orienta- 
tion (001) were mounted onto a stainless steel plate with a dia- 
meter of 63 mm. The plate was heated from the backside using a 

resistive heater made from 
Kanthal A-l wire (made by 
Kanthal, Inc.). The temper- 
ature was measured with a 
type K thermocouple which 
was welded to the plate. 

The thermocouple was 2 mm 
away from the sample. The 
sample chamber was evacuated 
to 3xl0~ 7 torr, or lower, us- 
ing a liquid nitrogen cold 
trapped diffusion pump be- 
fore the sample was warmed 
up to 500 °C. A continuous 
flow of oxygen (120 seem) was then introduced into the chamber, and 
the sample heated to 775 °C. During deposition the chamber pressure 
was 170 mtorr ; the laser wavelength was 248 nm; the energy density 
was 1.5 (J/cm 2 ) /pulse ; the pulse rate was 4 pps ; and the distance 
between the target and the sample was 8 cm. The laser beam was 
rastered up and down 1 cm over the target using an external lens on 
a translator. The angle between the laser beam and the normal to the 
target was 45°. The target used was a sintered 25-mm-diameter pellet 
of YBa 2 Cu 3 0 7 _ x . After deposition the oxygen pressure was raised to 1 
atm, and the temperature was lowered to 450 °C at a rate of 
2 °C/min. The temperature was held at 450° C for 2 hr before it was 
lowered to 250 °C at a rate of 2 °C/min. The heater power was then 
turned off, and the sample was allowed to cool to 40 C or less 
before it was removed the chamber. 

The thickness of the HTS films on LaA10 3 was estimated by measur- 
ing ,the thickness of a film grown on quartz plate that was shadow 
masked. The quartz plate had been placed 1 mm below the bottom of 
the LaAl0 3 on the substrate holder such that the sweep of the plasma 
plumb was along the line connecting the centers of the quartz and 
the LaA10 3 . 

The best film had a T c of 89.8 K immediately after deposition as 
determined by a standard four point resistance measurement. Its 
resistance versus temperature behavior is shown in Fig. 2. From the 
intercept of the extrapolated resistance at 0 K and from the resis- 
tance above T c , one can see that the film is c-axis aligned. This is 
confirmed by only having the (001) peaks in the x-ray diffraction 
data (Fig. 3). The surface morphology of the HTS on LaA10 3 is shown 
in Fig. 4. The surface is very smooth with some small structure. We 
do not observe large numbers of HTS particulates due to the laser 
ablation process. 


VACUUM CHAMBER 



Figure 1 . - Schematic of the laser ablation experiment. 
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TEMPERATURE, K 

Figure 2. - Normalized resistance of laser ablated 
YE^C^O* film on LaAlOj. 


(006) 



2 8 


Figure 3. - X~ray diffraction pattern of laser ablated 
Y3a 2 Cu3 0 x film on LaAlO* 
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Figure 4. - Scanning electron micrograph of laser ablated YBa 2 Cu 3 O x 
Film on LaAlOj 
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PATTERNING 


Films on LaA10 3 and SrTi0 3 were patterned using photolithography 
and wet etching. The negative photoresist (752), its developer 

(802), and the assoc- 
iated rinse (n-butyl 

Table I Effect of Photolithography Process acetate) used were ob- 
on T c of YBa 2 Cu 3 O x Films tained from KTI . The 


photoresist strippers 


used were Losalin IV 


Exposure to negat i ve photores i st None 

Soft baking of photores i stat 90 °C 

for 1 hr) None 

Exposure to photores i st deve I oper 

and rinse None 

Exposure to different stripping solvents 
after patterning: 

Boi I i ng ascetone ($8 °C) for 10 min None 
Bo i I i ng ethano I (78 °C) for 10 min None 
Bo i I i ng to I uene (111 °C) for 10 min None 
Losalin IV (760 °C) for 5 min None 

a 0n I y boi ling ethanol and Losalin IV sucessf u I i y 
removed exposed phoresist. 


(from E . C . Merke ) , 
acetone, toluene, and 
ethanol. Each step of 
the process was 
checked to see if it 
had an effect on the 
T c of the HTS films. 
The results of the 
different processing 
steps on T c are shown 
in table I. The full 
process of patterning 
the HTS films was to 


spin on the negative 

photoresist to a thickness of 2 /im, followed by a soft bake at 90° 

C for 1 hr, and then to expose the photoresist. After developing the 

photoresist, the film was etched for 500 s in 1 percent molar of 

bromine in ethanol. After etching, the films were rinsed in ethanol 

and the photoresist was removed with the Losalin IV photoresist 

stripper which was at 70 °C. We did not observed any drop in the T c 

, „ of the HTS films . 

1 .o i — ■ 

I * The films used to 



determine the effect of 
the various fabrication 
steps had transition 
temperatures between 77 
and 85 R. Fig. 5 shows 
the effect of exposing 
the film directly to the 
photoresist stripper 
Losalin IV at 70° C. No 
change in T c occurred, 
but the slope of the re- 
sistance versus tem- 



TEMPERATURE, K 


Figure 5. - Normalized resistance of a laser ablated 
YBa 2 Cu 3 O x film on SrTiQj. The film □ is before pro- 
cessing while the film ■ is after exposure to negative 
photoresist. 


perature curve did 
change. Fig. 6 shows the 
T c of the film on LaA10 3 
before patterning and 
after it was patterned 
into a ring resonator, 
that had operated at 33 
GHz, and after it had 
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TEMPERATURE. K 

Figure 6 . - Comparison of normalized resistance of a laser 
ablated Y 8 a 2 Cu 30 x film on LaAI 03 before processing □ 
and after being fabricated into a 35-GHz ring resonator +. 


silver contacts evapo- 
rated onto it and an- 
nealed at 500° C for 
1 hr. There is no appar- 
ent difference in the T c 
or the resistance versus 
temperature behavior be- 
tween the film before 
and after processing. 

To test the laser 
ablation technique * s 
ability to produce uni- 
form film thickness and 
the variation of T c 
across the film, Hall 
bars with silver con- 
tacts were fabricated 
(Fig. 7). The width of 
the bar is 10 ji m. The 
film thickness is not 
very uniform over the 5- 
by 10-mm area. The time 
needed to etch the film * 


until the substrate was exposed varied by a factor of 2 from one 
edge to the other edge of the substrate. However, the T c did not vary 
from region to region (table II). 



Figure 7. - Finished Hall bar of YBa 2 Cu 3 O x film on SrTi0 3 substrate. 


Table II Variation of on SrTi0 3 
as Measured With Patterned Hall Bars 

Before patterning 70.8 K 

10- fi m lines after patterning 71.0, 71.5, 72.5 K 

20- pm lines after patterning 76.3, 76.5, 76.6 K 
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Conclusions 


Laser-ablated, high- t empe rature superconducting films on LaA10 3 
and SrTiO, have been grown. The best films had a T c of 90 K and have 
their c-axis aligned to the substrate. There is no variation of T c 
across the films, but there is a variation of film thickness. These 
films have been patterned with negative photoresist and a bromine/ 
ethanol etch. There is no detectable degradation of T c by any step of 
the fabrication process even though the films were heated to 122° C 
in toulene. 

This fabrication process should be able to be used to make most 
of the passive and one layer structures without any degradation of 
the transition temperature. 
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Figure 1 Waveguide with filled material 


material properly introduced in a rectangular waveguide with 
characteristic impedance Zq (as shown in Figure 1), the solu- 
tion of the boundary conditions at x *■ 0 and x — d allows 
the scattering parameters 5 n (a>) and S>j(wJ to be related with 
the reflection (T) and transmission (7*) coefficients in the 
following way: 


ABSTRACT 

Dielectric constants of microwave subt rates are required in the design of 
superconducting microwave Circuits at various temperatures . In this 
paper, we report the results of a study of the complex permittivit r of the 
newly developed lanthanum aluminate (LaAIOj) substrate, in the 20 to 
200 K temperature range at frequencies from 26.5 to 40.0 GHz . Tne 
value of the complex permittivity was obtained by measuring the sample 
scattering parameters using a microwave waveguide technique. It is 
observed that , while the dielectric constant did not change appreciably 
with frequency', its value decreased by approximately 14 percent from 
room temperature to 20 K. 

INTRODUCTION 

The discovery' [1] of high transition temperature (T c ) oxide 
superconductors has opened up a wealth of attractive possibil- 
ities, among which, their application in the preparation of thin 
films to be used in the development of microwave circuits. 
Therefore, a good knowledge of the dielectric properties of 
microwave substrates used for film deposition is of paramount 
importance. Substrates with low dielectric constant and loss 
tangent [2] are indispensable in order to develop highly reli- 
able microwave components. 

At the moment, Y-Ba-Cu-0 superconducting thin films 
deposited in SrTi0 3 substrates have shown the best quality 
when compared with films deposited in other substrates. Un- 
fortunately, its microwave applicability is very limited because 
of the strong temperature dependence of its dielectric constant 
— with a value of 300 at room temperature, of 1000 at 77 K, 
and over 18,000 below 4 K— and its relatively high loss 
tangent [3]. 

The recently developed LaA10 3 substrate is actually being 
used in the fabrication of high T ( superconducting thin films. 
Nevertheless, the value of its dielectric constant at room 
temperature and at low temperatures is still not well estab- 
lished. In this paper, we report on the measurements of the 
microwave complex permittivity of LaA10 3 in the 20 to 300 K 
temperature range and as a funLdon of frequency. 


ANALYSIS 

The method for the derivation of the complex permittivity 
from the sample scattering parameters was first proposed by 
Nicolson and Ross [4] and modified later for rectangular 
waveguide applications by Wicr [5]. Essentially, for a piece of 


(i-r-)r r (i-r : )r 
i - t - t 2 ’ 5=1 " i - r : r J 


(i) 


where 


z-z, / (m,A,) - i 

Z+Zo “ V (M,/c,) + 1 


( 2 ) 


and 


T - exp( d) 



( 3 ) 


In Equations (2) and (3), Z is the impedance of the sample, d 
is its thickness, and p r and its relative permeability and 
permittivity, respectively. Therefore, one can obtain T and T 
from S n (u) and (<*?), and, in turn, they can be used to 
determine the permittivity. 

The measurements of the reflection, 5 ^( 14 ), and transmis- 
sion, SjjCw), scattering parameters were performed using an 
HP-8510 automatic network analyzer, conveniently connected 
through an arrangement of Ka-band (26.5 to 40.0 GHz) 
waveguides to a cryogenic system, which allows measurements 
to be taken at the desired low temperatures. The cryogenic 
system consists of a closed-cycle helium refrigerator combined 
with a temperature controller, and an aluminum vacuum 
chamber, specially designed to fit on lop of the external shield 
of the refrigerator and to give access to the arrangement of 
waveguides. A vacuum of less than 1.0 x 10" 2 ton was 
maintained throughout the whole measurement procedure. 
During the actual measurements, the LaA10 3 substrate was 
suspended perpendicular to the microwave source between 
two waveguide flanges in such a way that both the transmitted 
and reflected power can be detected. 

Finally, the dielectric constant of LaAJOj was also mea- 
sured at room temperature using the well-established parallel- 
plate capacitor technique, and the value obtained was com- 
pared with the one acquired using the scattering parameters 
method. The capacitor was made with a 10-mil lanthanum 
aluminate substrate as the filling dielectric, and its plates were 
made by evaporating gold such that a 1-cm disk was formed 
on its front surface, with its back surface being completely 
coated. 
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FREQUENCY, GHz 


Figure 2 Real part of complex permittivity of LaAlO* substrates at 
room temperature 


1 2]. In view of this discrepancy, we performed measurement: 
on magnesium oxide (MgO), sapphire (A1 : 0 ; ), and silicon 
oxide (SiOj), which are substrates with well-known values for 
the dielectric constant at room temperature. The results of our 
measurements were consistent with those reported by other 
researchers [6-8]. Furthermore, we obtained the value of the 
dielectric constant c of LaA10 3 using a parallel-plate capaci- 
tor and the following relations: 


c 


- ideal vacuum 


w measured 


measured capacitance 
ideal vacuum capacitance 


- measured 


-ideal vacuum 


(->) 


c 0 X area disk c 0 rr 2 

plate separation d 
measured value - edge capacitance 


( 5 ) 

( 6 ) 


TABLE 1 Complex Permittivity of LaAI0 3 at 28.6 GHz 


Temperature. 

K 

Real Pan of Complex 
Permittivity, 
cf 

Imaginary’ Pan 
of Complex 
Permittivity, 

300 

22.0 

1.10 

150 

20.8 

uo 

70 

19.7 

1.07 

20 

18.9 

0.20 


RESULTS 

Figure 2 and Table 1 show the results for the room tempera- 
ture measurements of the dielectric constant for three LaA10 3 
substrates. The substrates are 0.254, 0.432, and 0.503 mm 
thick and were made from different batches of LaA10 3 . The 
value of the dielectric constant is consistent for the three 
samples, and it has a typical value of approximately 22 ± 1. 
Hence, neither the difference in thickness nor the fact that the 
samples come from different batches appears to be an impor- 
tant factor in the determination of the value of the dielectric 
constant for this substrate. It is also noticed that the fre- 
quency dependence for this parameter in the band under 
consideration is a weak one. We believe that the discontinu- 
ities and small variations observed in Figures 2 and 3 are due 
to systematic errors in the calibration and not to intrinsic 
properties of the samples. 

Although the values of the dielectric constant obtained for 
the three samples under consideration are in good agreement, 
they differ considerably from the one reported by Simon et al. 



FREQUENCY. GH2 


Figure 3 Real pari of complex permittivity of LaAlOj substrate at 
20 K 


and 

edge capacitance ( 2 rr\ 

— - -0.229 + 0.105( 0 + 0.214 log — 

penmeier \ d J 

w 

The value obtained using this approach was t - 20 ± 1 at 
1 MHz. Although this value is a little lower than the one 
derived using the scattering parameters technique, the two 
values still are in a better agreement than with the results of 
[2]. Further, because of the relatively low frequency at which 
this value was measured, it provides an additional indication 
of the small variation of the dielectric constant of LaA10 3 as a 
function of frequency. 

Table 1 shows the real and imaginary parts of the complex 
permittivity at four different temperatures, and at 28.6 GHz, 
for the sample represented with the small dashed line in 
Figure 2. Figure 3 shows the real part of the complex permit- 
tivity for this same sample at 20 K. A decrease of 14% in the 
value of the dielectric constant at temperatures around 20 K is 
observed. Although this change can be considered as a rela- 
tively large one, it is almost meaningless when compared with 
the temperature dependence of the dielectric constant of 
SrTi0 3 . Now, from the data in Table 1, it is seen that the 
value of the imaginary part of the complex permittivity tends 
to decrease with decreasing temperature. Nevertheless, a com- 
parison of our results at room temperature for MgO, Al : 0 3 , 
and Si0 2 substrates was not in good agreement with previ- 
ously reported values [6-S]. Because for these substrates the 
values for the dielectric constant and the loss tangent at room 
temperature are well established, our confidence in the values 
for the imaginary part of the permittivity, not only at room 
temperature but also at low temperature, is rather limited. 
Therefore, for cases in which an accurate knowledge of this 
parameter is indispensable and mainly when dealing with 
low-loss substrates, other techniques must be applied. 

CONCLUSIONS 

The complex permittivity of the newly developed LaA10 3 
substrate has been measured. A decrease in the value of the 
real part of the complex permittivity with decreasing tempera- 
ture was observed. No considerable change was noticed in this 
parameter, neither as a function of frequency nor due to 
difference in thicknesses and batch of origin. The values 
obtained for the imaginary’ part of the complex permittivity, 
both at room temperature and at low temperature, appear not 
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to be very accurate, mainly due to limitations of the applied 
technique when used with very low-loss substrates. The results 
obtained in this study suggest that, at least from the stand- 
point of the dielectric constant, the LaAlOj substrate is better 
suited than SrTiO v for use with the new high- temperature 
superconductors in microwave applications. 
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ABSTRACT 

Microstrip ring resonators operating at 35 
GHz have been fabricated from laser ablated 
YBCO thin films deposited on lanthanum 
aluminate substrates. They were measured 
over a range of temperatures and their 
performance compared to identical resonators 
made of evaporated gold. Below 60° Kelvin 
the superconducting strip performed better 
than the gold, reaching an unloaded ' Q ' ~1.5 
times that of gold at 25° K. A shift in the 
resonant frequency follows the form 
predicted by the London equations. The 
Phenomenological Loss Equivalence Method is 
applied to the ring resonator and the 
theoretically calculated Q values are 
compared to the experimental results . 


INTRODUCTION 

Recent observations of low surface 
resistance at microwave and millimeter wave 
frequencies in thin superconducting films 
[1] suggest their use for low loss/high Q 
microstrip circuits. Of interest is the 
surface resistance exhibited by these films 
across a wide frequency range. To date, 
measurements of surface resistance in the Ka 
band and above have been by the cavity 
technique. This technique fails to model 
microstrip losses completely because it 
neglects substrate losses and fails to 
adequately probe the film-substrate 
interface. Microstrip resonators patterned 
from thin films on microwave substrates 
allow direct measurement of microstrip 
losses. Several groups have made such 
measurements at lower microwave 
frequencies .[ 2 , 3 , 4 ] In this paper we report 
on the direct measurement of losses by Ka 
band microstrip resonators made from laser 
ablated YBCO films on lanthanum aluminate. 
Also, we calculate the Q values of the 
structure using the Phenomenological Loss 
Equivalence Method and invoking 
superposition of the internal impedances of 
the strip and ground plane of the microstrip 


line. The calculated Q value of the ring 
resonator with a superconducting strip and 
a normal conducting ground plane is compared 
with the experimental results. 

GROWTH AND PATTERNING 

The superconducting films were deposited 
by laser ablation of a sintered YBCO pellet 
onto a heated (700°C) lanthanum aluminate 
substrate in a 100 mtorr oxygen atmosphere 
and then slowly cooled to room temperature 
in 1 atmosphere of oxygen. [5] Films with 
very smooth surfaces and Tc ' s of 89.8 have 
been produced; X-ray analysis has shown that 
they are c-axis aligned. The microstrip 
resonators were patterned by standard 
photolithography using negative photoresist 
and a 'wet' chemical etchant. This etchant 
was either a 3% solution of bromine in 
ethanol or dilute phosphoric acid in water. 
A metal ground plane was deposited by first 
evaporating 100 A of Ti for adhesion 
followed by 1 micron of gold. In addition 
to the resonator, each chip also had a test 
bar for direct Tc testing of the patterned 
film. Identical resonators were fabricated 
entirely from gold (both strip and ground 
plane) using evaporation and lift-off to 
define the strip. 

The resonators were measured using a 
Hewlett-Packard 8510 Network Analyzer, 
operating in WR-28 waveguide. The 
microstrip circuit was mounted in a tapered 
ridge waveguide to microstrip test fixture 
which was mounted at the second stage of a 
two stage, closed cycle helium refrigerator. 
Circuit temperatures reached approximately 
20°K and were monitored by a silicon diode 
sensor mounted in the test fixture. The 
entire cold finger and test fixture were 
enclosed in a custom designed vacuum can. 
Microwave coupling to the test fixture was 
through 6 inch sections of WR-28 waveguide 
made of thin wall stainless steel to 
minimize heat conduction. Vacuum was 
maintained at the waveguide feedthroughs by 
means of 'O' rings and mica sealing windows. 
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THEORETICAL CALCULATION OF Q 
The theoretical Q values were calculated 
using the Phenomenological Loss Equivalence 
Method ( PEM) . [ 6 ] This method is applicable 
to cases where the strip conductor thickness 
is on the order of a skin depth (for a 
normal metal) or a penetration depth (for a 
superconductor) . The Incremental Inductance 
Rule, which is often used to calculate 
microstrip losses, can only be applied in 
the case of shallow field penetration, which 
is not satisfied in this study* Also, PEM 
has the advantage of simple calculation 
compared with other numerical techniques 
such as the Finite Element Method. The 
technique proceeds on the basis of 
separately calculating the internal 
impedances of the strip and the ground plane 
through use of an equivalent isolated strip, 
and then adding these impedances to the 
external impedance of the microstrip 
structure. First, the ground plane is 
assumed to be a perfect conductor so that 
there is no magnetic field penetration into 
it as shown in figure 1. A geometric factor 
(Gl) for the strip line is then obtained 
from the magnetic field penetration into it. 
This Gl factor is used to obtain an 
equivalent strip; from which the internal 
impedance of the microstrip line under the 
assumption of perfect ground plane can be 
obtained as 

Zj, = G 1 »Z s i*coth(Z sl »cr 1 »A»G 1 ) 

where Z #1 , a x and A are the surface 
impedance, the conductivity of the material 
and the cross sectional area of the strip, 
respectively. Next we consider the strip as 
a perfect conductor as shown in figure 1. 
Then a geometric factor (G2) is obtained for 
the field penetration into the ground plane. 
With the value G2 , we obtain the internal 
impedance of the ground plane based on the 
assumption of a perfect strip, 

Zj2 = G 2 *Z s2 *coth(Z g2 «a 2 *A*G 2 ) 

where Z a2 and a 2 are surface impedance and 
conductivity of the ground, respectively. 
The internal impedance of the microstrip 
line is obtained by adding Z u and Z 12 . We 
add this internal impedance to the external 
inductance and calculate the propagation 
constant of the microstrip line by using a 
transmission line model. It should be 
emphasized that (1) and (2) are applicable 
to any field penetration depth. 

The conductor losses of the structure in 
fig. 2 were calculated by applying the 
method explained above. Then, the Q values 
of each resonator were calculated by 
additional consideration of substrate loss; 
radiation loss was assumed negligible. For 
the calculation, the value of 5.8x10-4 was 
used for the loss tangent. Since the 
current is more concentrated on the strip, 
the implementation of a superconductor in 
the strip has more influence on the loss. 
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Figure 1. Field penetration in the strip 
and ground plane; for PEM calculation. 
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Figure 2. 35GHz Ring Resonator Structure. 


The extent of the effect of implementing a 
superconductor in the microstrip line can 
be different for different geometries. 
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RESULTS AND DISCUSSION 

In figure 3 are shown plots of Sll for a 
superconducting resonator at several 
temperatures. This plot is of the reflected 
power from the resonator in the test fixture 
and is thus a measure of the loaded 'Q f . 
Two features are apparent; 1) the coupling 
changes with temperature (in this case, 
starting at near critical coupling just 
below Tc and going to overcoupled at lower 
temperatures), and 2) the resonant frequency 
shifts with temperature. The change in the 
resonant frequency vs temperature is plotted 
in figure 4 along with the resonant 
frequencies of a gold resonator. The 
variation observed in the gold resonator 
follows the form expected from thermal 
contraction in the substrate. But since 
accurate data on lanthanum aluminate is not 
readily available, precise comparisons are 
not possible. The variation seen in the 
superconducting resonator is a consequence 
of the dependence of the internal impedance 
of the strip on the changing 
normal/superconducting electron densities. 
The internal inductance of a superconducting 
strip over a ground plane is given by: [7] 

L lnt = /i 0 *X«coth(t/X) 

Assuming the Gorter-Casimir temperature 
dependence of X: 

MT) - x o 

[ 1- ( T/Tc ) 4 ] H 

the form of the resonant frequency variation 
based on the changing line inductance 
matches the experimental observations. 
However, attempts at numerical fitting to 
extract X 0 , result in X 0 in excess of 1 
micron, indicating that the film quality may 
not be at its highest. 

The best circuit to date has been from a 
6500 A film with a post-processing Tc of 
79 °K . The unloaded Q of this circuit is 

plotted against temperature in figure 5 
along with the unloaded Q of an identical 
gold resonator. The Q of the 

superconducting circuit rises sharply below 
Tc, exceeding the Q of the gold circuit at 
~60°K and reaching a value of 1.5 times that 
of the gold resonator at 25°K. Comparing 
the experimental results with the calculated 
values in the same figure, we see that for 
the gold resonator, the PEM calculation 
matches the experimental fairly well. The 
measured superconducting ' Q ' , however, is 
much lower than the calculated values. 
Several reasons can be given for this. 
First, the values for the complex 
conductivity of the superconductor used in 
the PEM calculation were obtained by 
microwave reflectance/transmission 
measurements on separate laser ablated 
films. [8] It is likely that the quality of 
those films was higher than the resonator 
film, in part because these films were 
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Figure 3. Sll of the superconducting 
resonator in its test fixture, at three 
temperatures . 
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TEMPERRTURE (KELVIN) 

Figure 4. Resonant frequency vs 
temperature for superconducting and normal 
strips . 


unpatterned. In addition, substrate losses 
in the PEM were calculated on the basis of 
tan5=5 . 8X10E-4 but accurate values for 
lanthanum aluminate are not available so the 
actual value may be higher or lower. It 
seems likely that improvements in the 
measured Q are possible with increased film 
quality. 
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CONCLUSIONS 

Ring resonator circuits were fabricated 
from laser ablated YBCO superconducting 
films on lanthanum aluminate to determine 
transmission line losses at millimeter wave 
frequencies. At 25°K the unloaded Q of the 
superconducting resonator was 1.5 times the 
Q of identical resonators made of gold.^ A 
shift in the resonant frequency with 
temperature follows the form predicted by 
the London equation. Using the PEM we 
calculated the Q values of the ring 
resonator with a thin YBCO strip and a gold 
ground plane. The theoretical results were 
compared with experimental results of the 
ring resonator of that structure. The 
calculated results predict higher values of 
Q than those actually observed, but improved 
film quality should increase measured Q 
values . 
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Figure 5. Measured and calculated values 
of unloaded Q for superconducting and normal 
resonators . 
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ABSTRACT 

Effective permittivity and loss characteristics of gold microstnp lines on 
GaAs substrates were obtained by characterizing GaAs linear resonators 
at cryogenic temperatures (300 to 20 K) from 30-40 GHz . A slight 
decrease in effective permittivity and a significant reduction in loss were 
obsened with lower temperatures, 

INTRODUCTION 

Microstrip is a geometrically simple transmission line that 
has found widespread use in GaAs monolithic microwave 
integrated circuits (MMIC). Because of the two-wire config- 
uration, it has no lower cutoff frequency. However, upper 
frequency limitations are imposed due to surface waves and 
transverse resonance modes that can propagate under certain 
conditions [1]. The dominant mode of propagation is quasi- 
TEM (transverse electromagnetic). 

Detailed information on propagation characteristics of 
transmission lines on GaAs at cryogenic temperatures is 
unavailable. Accurate theoretical analysis is hindered by the 
inhomogeneous geometry of microstrip, which causes a field 
discontinuity at the air-dielectric interface. This information 
is required for the accurate modeling and matching network 
design of cryogenically cooled GaAs MMICs. Also, such 
information will prove useful in developing hybrid supercon- 
ducting/GaAs MMIC circuits. This promising technology 
will exploit the inherent benefits of superconducting electron- 
ics, such as low loss and low noise performance, and simulta- 
neously enhance the active device characteristics due to the 
cryogenic operating temperature. 

DESIGN AND FABRICATION 

50-ohm linear open circuit n\/2 microstrip resonators were 
fabricated on 2-in. semiinsulating GaAs wafers along the 
(100) crystallographic plane in the [010] direction. The end 
(fringing) effect was eliminated by using two lines: a short 
line of length / t with a fundamental resonance at f x and a 
long line of length l 2 « 2 l x with a harmonic resonance of 
f 2 =/j. The resonators were coupled to a feed line via a 
critical symmetric gap. The gap dimensions ranged from 
0.0015-0.00175 in. for the O.OlO-in.-thick wafers. 

A pattern electroplating technique was established to 
fabricate the GaAs microstrip resonators. Initially, 200 A of 
titanium and 1000 A of gold were sequentially deposited onto 
the wafers by evaporation. A layer of positive photoresist was 


then spin coated onto the wafer and subsequently exposed to 
UV light through a negative (dark-field) chrome/glass mask. 
At this point, the desired pattern had been transferred to the 
substrate. The wafer was then developed, which established 
windows corresponding to the circuit pattern. The electro- 
plating process entailed submersing the wafer in an aqueous 
gold-potassium-cyanide solution. A platinum-titanium an- 
ode was connected to a constant current source and the 
wafer (cathode) was grounded. A current density of 3 mA/in. 2 
was maintained to ensure a high quality film. Finally, the thin 
underlying gold and titanium layers were removed by chemi- 
cal etch. The wafers were then lapped and polished to 0.010 
in. in order to obtain the correct characteristic impedance 
and surface finish. A titanium-gold ground plane was evapo- 
rated onto the wafer reverse. A fully fabricated resonator 
pair is shown in Figure 1. 
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Figure 1 A fully fabricated resonator pair, short line of length l { 
with a fundamental resonance at f x and a long line of length 
l z = 2/ If with a harmonic resonance of f 2 ■ The gap is approxi- 
mately 0.75 mil 


EXPERIMENTAL RESULTS 

Swept frequency measurements were performed using an 
automatic network analyzer system [2] connected to a closed 
cycle helium refrigerator. A cosine tapered ridge guide test 
fixture was placed inside the refrigerated chamber and the 
resonator chip was mounted beneath the ridge using pressure 
contact (Figure 2). The technique is based on the measure- 
ment of reflection coefficients (511) for each microstrip res- 
onator pair. From these data, total loss and effective permit- 
tivity can be determined. Raw data yield the loaded quality 
factor Q l . Calculation of the unloaded quality factor Q 0 
required derivation of the gap coupling coefficient and mod- 
eling of the resonator as a transformer coupled RLC tank 
circuit. Based on the analogous input impedance and ac- 
counting for coupling loss, the correct Q 0 was evaluated. 
Because the devices were enclosed in the waveguide below 
cutoff, radiation was considered negligible. A complete de- 
scription of the techniques employed is provided in refer- 
ence 3. 
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A number of microstrip resonator pairs were successfully 
characterized. Figure 3 depicts the measured response of a 
resonator tested at 300 and 20 K, respectively. Two phenom- 
ena were observed upon cooling to cryogenic temperatures. 
First, there was a consistent shift in the resonant 
frequency of approximately -2%. The second involved a 
dramatic change in the loaded quality factor, a consequence 
of the temperature dependence of loss and a reduction in 


coupling coefficient. Figure 4 illustrates the temperature de- 
pendence of effective permittivity at approximately 31.5 GHz, 
revealing a trend to diminish slightly upon cooling. Table 1 
provides loss data as a function of temperature, demonstrat- 
ing a 0.15-dB/cm improvement as the material is cooled 
from 300 to 20 K. It is important to convey that the data for 
the unshielded resonators contain a large radiation compo- 
nent and should not be interpreted as the loss that would 
occur along a uniform microstrip line. 


/—COSINE TAPERED 



Figure 2 Schematic of cosine tapered ridge guide fixture arrange- 
ment 



Figure 3 Measure response of a resonator tested at 300 and 20 K 



Figure 4 Temperature dependence of effective permittivity of 10- 
mil-thick GaAs substrate at approximately 31.5 GHz 


TABLE 1 


Frequency, 

GHz 

Temperature, 

K 

Q o. 

Shield 

Q o. 
Open 

Loss, 

dB/cm 

30.2620 

300 

205 



0.45 

30.5635 

300 

197 

— 

0.47 

31.6975 

300 

211 

— 

0.43 

39.0720 

300 

— 

24 

4.37 

39.1060 

300 

— 

18 

5.83 

31.0252 

77 

271 

— 

0.34 

31.9675 

77 

254 

— 

0.36 

30.8575 

20 

297 

— 

0.31 


CONCLUSION 

Q values trom 30 — U) GHz were obtained for GaAs mi- 
crostrip resonators at cryogenic temperatures. It was found 
that the Q values increased by a factor of approximately 1.25 
at 77 K and a factor of 1.5 at 20 K when compared to room 
temperature data. Also, there is a small but definite decrease 
in dielectric constant as temperature decreases. 

Eventually, as high temperature superconducting technol- 
ogy evolves and merges with GaAs MMIC, such information 
will be necessary for effective device design. At present, the 
in situ film processing temperatures exceed the tolerance of 
GaAs circuitry, due to materials problems ranging from semi- 
conductor diffusion to metal migration. 
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TRANSPORT MEASUREMENTS ON GRANULAR Y-BA-CU-0 FILMS 
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The critical current In granular YBaCuO films has been measured at temperatures very near the 
critical temperature, T c . The critical current is proportional to (1-T/T C ) 2 for T<.9 T c . The 
current-voltage (I-V) characteristics of the films have also been measured as a function of 
temperature and Indicate that the observed deviation from the (1-T/T C ) 2 dependence for T > .9T C 
Is a natural consequence of the constant field criterion (e.g. .25 MV/mm) used to define the 
critical current. 


1. Introduction 

Reports ^, 2 have shown that the measured 
critical current, I c . near T c Is proportional 
to (1-T/T C ) 2 for T < .9T C and exhibits a 
weaker temperature dependence for temperatures 
nearer to T c . Our I c data exhibits 
qualitatively the same behavior and we will 
show, with the aid of the (I-V) 
characteristics, that the variation in the 
power law near T c is a result of the 
measurement criterion. Next we discuss 
several different criteria for defining the 
onset of dissipation as it applies to I c 
measurements. Finally we show that i > the 
temperature dependence of the I c can be 
obtained by fitting the I-V data taken at 
different temperatures to the simple 
expression V*A(I-I c ) m , H ) the temperature 
dependence of I c obtained using this procedure 
is in good agreement with that of the measured 
data. 

2 . Exper imenta I 

The superconducting films were prepared by 
sequential evaporation of Cu,Y, and BaF 2 onto 
(100) SrTi 03 - The films were deposited onto 
.5 cmxl.O cm substrates and had a nominal 
thickness of 1 pm prior to annealing. Details 
of the film preparation and annealing have 


been published elsewhere. 3 
Scanning-electron-micrographs of the film 
surface showed Irregularly shaped grains .5 pm 
in size having no epitaxy with the substrate. 

A d.c. four probe method was used for all 
transport measurements. Electrical contact to 
the films was made by In-soldering to 
previously deposited 1pm Ag electrodes 
extending across the short dimension of the 
films. The critical temperature for the film 
described below was 62. 3K, determined with a 
measuring current density of .2A/cm 2 . 

3. Results and Discussion 

In Fig. 1 the upper four sets of I c data 
were obtained using different voltage 
criteria. The solid lines are guides to the 
eye. The lowest line in Fig. 1 was obtained 
from a least-squares fit of the I-V data and 
will be discussed later in this section. 

Notice that the upper four curves have a slope 
of 2 at low temperatures, and show a departure 
from the straight line behavior at different 
temperatures depending upon the voltage 
criterion. The departure from (1-T/T C )2 as T 
+ T c can be understood with the aid of the I-V 
data in Fig. 2. Here we show a sequence of 
I-V data obtained at six different 
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1 - T/Tc 

Fig. 1 I c against (1-T/T C ) obtained using 

different criteria. From top to bottom 
2.5 yV/mra, lyV/mm, .5yV/mm, .25yV/mm, 
and data obtained from a least-squares 
fit of the I-V data to V-A(I-I C >«. 

temperatures. The upper and lower dashed 
lines represent the 2.5 yV/mm and .25yV/mm 
criteria respectively, and a vertical line 
drawn from the intersection of these lines 
with the data yields the I c . At 20K the two 
criteria result in the same I c while at 58K 
they yield numbers differing by a factor of 
two. The important parameter for evaluating 
the accuracy of a constant voltage criterion 
is apparently the logarithmic derivative 
dlog V/ dLog I. The smaller the logarithmic 
derivative at the chosen voltage criterion the 
more one overestimates I c . Since dlogV/dlogl 
is rapidly diminishing as T+T c it is 
inevitable that one overestimates I c which 
results In the apparent weakening of the 
temperature dependence near T c . in principle 
one would have to define I c at the same value 
of the logarithmic derivative 
(l.e. lower voltages) in order to maintain the 
same level of accuracy. Since this method is 
not practical one could use the less stringent 
resistive criterion whereby a supercurrent is 
present if V C /I C <R(T C >, where V c is the 
voltage criterion, and R(T C ) is the smallest 
detectable resistance in the T c measurement. 

In Fig. 1 the top and bottom dashed lines 
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Fig. 2 Voltage against current obtained at a 
sequence of temperatures. From right 
to left: 20. 40, 51. 58. 62, and 64K. 

represent the lowest quotable values of I c for 
the 2.5 tiV/mm and .25yV/mm criteria 
respectively. 

We believe there is yet another way to 
obtain the temperature dependence of I c . It 
has previously been shown that the I-V data 
can be described by V-A(I-I C )<» where I c and m 
are temperature dependent 4 . By performing a 
least-squares fit of our data to this relation 
we obtain I c and m as a function of 
temperature. The 1^ data obtained In this way 
are the points on the lowest line In Fig. 1. 

The exponent is 2.2, In good agreement with 
the measured data satifying the resistive 
criterion, and I c vanishes at 63. 8K. In 
conclusion, we found that I c Is proportional 
to C1-T/T c )2 for T-T c . 
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ABSTRACT 

The current-voltage, I-V, characteristics of polycrystalline Y-Ba-Cu-0 
films have been measured as a function of temperature. The I-V characteristics 
are interpreted using a model based upon an array of weak links with a statist- 
ical distribution of critical currents. In addition, we find evidence that 
the supercurrents flow in nearly independent filaments near T c . Various cri- 
teria are discussed with respect to the definition of the transport critical 
current, I c , in these films. A temperature dependence for I c has also been 
deduced from the I-V data by appealing to an empirical scaling law. We propose 
that this temperature dependence, I c a (1-T/T C ) 2 * 2 , is representative of the 
weaker links within the critical current distribution. 


INTRODUCTION 

The T c measurement is the most commonly used method for the character- 
ization of superconducting materials. However, I c is a more effective par- 
ameter in determining technological usefulness. In particular it is desirable 
to measure the temperature dependence of I c in order to illuminate the mechanism 
limiting I c , such as depairing in a single crystal sample, or perhaps tunnelling 
through grain boundaries in a polycrystalline sample. In the presence of a 
magnetic field, single crystal high temperature superconducting (HTS) samples 
have been shown to exhibit flux creep 1 , while, in polycrystalline samples a 
variety of effects ranging from weak link limited I c behavior at low magnetic 
fields to flux flow limited I c behavior in high magnetic fields 2 have been 

©1989 Plenum Publishing Corporation. Reprinted, with permission, from Conference on Superconductivity and Applications, 
3rd, 1989. 
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observed. Implicit in any of these l c measurements is some criterion for the 
definition of I c . The selection of a criterion for I c has been particularly 
difficult in the HTS materials because, in many instances, the resistive tran- 
sition is not sharp. Several attempts to standardize the criteria for I c in 
the presence of a magnetic field have been proposed 3 ' 4 . However, for thin 
films in zero magnetic field, a constant field criterion ranging from 0.1 /iV/mm 
to 1 /iV/mm is widely used. While this criterion may be satisfactory for epi- 
taxial thin films, where the critical supercurrent density, J c , is of the order 
of 10 6 A/cm 2 at 77 K and the transition is sharp, the meaning of an I c obtained 
in this way for polycrystalline films is not clear, owing to the broadness of 
the resistive transition in these films. The lack of a consensus on the tem- 
perature dependence of I c , and in particular, the exponent in the expression 
(1-T/T c ) n (1.5 < n < 2.0), could be symptomatic of the arbitrariness of an I c 
obtained from a constant voltage criterion 5 ' 6 ' 7 ' 8 . While the various exponents 
reported for the temperature dependence of I c may relate in some way to the 
microstructure in the films, we believe that one must first understand the 
mechanism responsible for the transition in order for the measured I c to have 
meaning . 

To our knowledge, only one attempt has been made to understand the re- 
sistive transition in HTS polycrystalline films. This was the work of England 
et al. 9 , where they suggested that the films underwent a phase locking tran- 
sition similar to that found in compacted polycrystalline Ta samples 10 . Within 
this model, the phase, 6 it of the wave function of each of the grains is uncor- 
related from grain to grain when T > T c (T c being defined at R = 0). At T c , the 
phase difference, B i - 6 ^ , between the neighboring grains becomes fixed because 
the thermal fluctuations (k 0 T c ) are exceeded by the Josephson coupling energy 
(hi c /2e). Here i c is the intergrain critical current. The strongest evidence 
for this mechanism in polycrystalline HTS films came from the I-V data at T c , 
where it was shown that V(T C ) a I 2 . The quadratic dependence of V on I is a 
prediction of the phase locking model 10 . 

Recently the resistive transition of sintered Y-Ba-Cu-0 wires in a magnetic 
field has been modeled by Evetts et al. 11 using extensions to the conventional 
model given for superconducting multifilamentary composites 12 . The extended 
model, hereafter referred to as the Weak Link Filament Array (WLFA) model, 
treats the sample as an array of weak links with a normal distribution of I c *s. 
Essential features of our I-V data are discussed in terms of this model. The 
implications of this model with respect to defining I c are then discussed. 
Finally, by appealing to an empirical scaling law for the I-V data, we can 
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deduce a temperature dependence for an I c which is representative of the weakest 
links in the I c distribution. 


EXPERIMENTAL 
Sample Preparation 

The films were prepared by sequential evaporation of Cu, Y, and BaF 2 onto 
(100) SrTi0 3 . The films had a superstructure period of three, for a total of 
twelve layers, and a nominal thickness of 1 pm prior to annealing. Details of 
the deposition parameters and annealing have been published elsewhere 13 . Scann- 
ing electron micrographs of the films showed rectangular shaped grains with 
dimensions of 0.3 pm X 1.0 pm having no epitaxy with the substrate. X-ray 
diffraction analysis of the films indicated a polycrystalline nature with some 
a-axis texturing, as well as the presence of BaCu0 2 and Y 2 0 3 phases. Electrical 
contact to the films was made by depositing a 1 pm layer of Ag through a shadow 
mask, resulting in four equally spaced 0.1 cm wide strips traversing the short 
dimension (£0.3 cm) of the sample. The contacts were subsequently annealed 
in dry 0 2 at 500° C for approximately two hours resulting in contact resistances 
of 10 pft or less. Wires were then attached to the Ag strips via In- solde ring . 

Electrical Transport Measurement 

Transport measurements in low magnetic fields (0 - 70 Oe) were made in a 
4 He closed cycle refrigerator with an externally mounted Cu wire Hemholtz coil 
around the sample chamber. The samples were attached to an OFHC copper holder 
and housed in an OFHC copper radiation shield. Cooling of the assembly was done 
by convection through 1 atm (STP) of 4 He gas to the refrigerator cold head 
(- 16 K) . The sample temperature was determined by a Si diode which is epox- 
ied into the sample holder, and has a rated accuracy of ± 0.25 K over the tem- 
perature interval of the measurements. 

All the transport measurements discussed below were made using the con- 
ventional four-probe method. The T c measurement of the films was made with a 
typical measuring current density of 0.2 A/cm 2 and a voltage sensitivity of 
approximately 10 nV. This voltage sensitivity was obtained using a nano- 
voltmeter in conjunction with signal averaging. 
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TRANSPORT DATA AND DISCUSSION 


Nine samples were measured, but we will present detailed results on one 
typical film. A common feature of the films is that they have a zero resistance 
temperature, T c , in the range 60 K - 70 K. The films exhibit a metallic nature 
above the onset temperature of 90K but the resistance is not linear in tem- 
perature, presumably because of the various grain orientations and presence of 
other phases. 

I-V data, obtained at six different temperatures, is displayed in Fig. 1. 
The T c of this film was 62.3 K. The upper and lower horizontal dashed lines 
in Fig. 1 represent I c voltage criteria of 2.5 /jV/mm and 0.25 jtfV/mm, respect- 
ively. A vertical line drawn from the intersection of one these lines with the 
I-V data yields a value for I c . At 20 K the two criteria yield essentially the 
same I c while at 58 K they yield numbers differing by a factor of two. Obvious- 
ly, an important parameter in defining I c is the logarithmic derivative 
dLog(V) /dLog(I) commonly referred to as the n value of the resistive transition. 
The smaller the n value at the chosen voltage criterion the more sensitive I c 
is to the voltage criterion. Because the n value is temperature dependent and 
approaches one at T c , it is inevitable that this type of criterion will give 
I c a weaker temperature dependence the nearer one gets to T c . This effect is 



Fig. 1 Voltage against current obtained for 
a sequence of temperatures. From right to 
left: 20 K, 40 K, 51 K, 58 K, 62 K, and 64 K. 
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1 - T/Tc 


Fig. 2 I c against (1-T/T C ) obtained using 
different criteria. From top to bottom: 

2.5 /iV/mm, 1 /iV/mm, 0.5 /iV/mm, 0.25 fiV I mm, and 
data from a least-squares fit of the I-V data 
to V = A(I-I C )V 


demonstrated in the I c vs. 1-T/T C characteristic shown in Fig. 2. The upperfour 

A 

sets of I c data in Fig. 2 were obtained using different voltage criteria. The 
solid lines are guides to the eye. The lowest line in Fig. 2 was obtained 
from a data fitting procedure and will be described later. Notice that the 
upper four data sets are straight lines at the low temperature end of the graph 
with a slope of ~ 2. The data show a departure from linear behavior at diff- 
erent temperatures depending upon the voltage criterion. One final note with 
regard to the constant voltage criterion concerns the lowest meaningful I c 
measurement. To be self consistent with the T c measurement the I c data must 
be greater than or equal to V c /R c , where R c is the smallest detectable resistance 
in the T c measurement and V c is the voltage criterion used in the I c measurement. 
The upper and lower horizontal dashed lines in Fig. 2 represent the lowest self 
consistent values of I c for the I c voltage criteria of 2.5 /jV/mm and 0.25 /iV/mm, 
respectively. Failure to make the T c and I c measurements consistent with one 
another may result in assignment of I c values to very resistive samples 14 . 
Regardless of the I c criterion, one must first understand the nature of the 
resistive transition before one can attach any physical significance, such as 
tunneling, to I c measurements on polycrystalline HTS films. 
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It has long been recognized that the broad resistive transitions into the 
flux flow state in type-II superconductors can be explained in terms of the 
variation in the local I c along the sample length, where the flux-flow voltage 
is determined by that fraction of material whose I c is lower than the applied 
current 15 ' 16 . The I-V characteristic is then determined by 

I i 

v =(x)JJw a) 

0 


where f(i c ), /?, and A are the critical current distribution function, the flux- 
flow resistivity, and the cross-sectional area, respectively. The lower limit, 
i cB », on the second integral in Eq. 1 is the smallest i c in the distribution. 

In type-II multifilamentary composites the transition into the flux- flow 
state is broad as a result of a distribution of localized constrictions along 
the individual filaments. For such structures the empirical relation V a I n 
seems to characterize the resistive transition quite well. Recently a theo- 
retical understanding of this relation was obtained by Plummer and Evetts 12 by 
assuming the constrictions were normally distributed. The calculations were 
made using Eq. 1 and were based on either independent filaments or nearest 
neighbor coupling. There are three important results which apply for either 
limit: the scaling law V a I n is a natural consequence of a normal distribution 
of inhomogeneities; the n value is proportional to (<I c >/<7) 5/3 where <I C > and 
C are the mean critical current and the width of the distribution, respectively; 
and the measured I c , obtained by a constant voltage criterion, will increasingly 
underestimate <I C > as the n value decreases. 

Recently, Evetts 11 has been successful in qualitatively explaining the 
resistive transition of sintered Y-Ba-Cu-0 wires in a magnetic field using the 
WLFA model. The WLFA model is an extension of the independent filament model 
to include long range coupling and the tunnelling nature of the weak links. 
In the VLFA model, the conductor geometry is essentially a multiply connected 
weak link network. However, in low density samples near the percolation 
threshold, there are many junctions in series between parallel interconnections 
and one has, effectively, an array of independent filaments, in complete analogy 
to the multifilamentary composite system. If a normal distribution of junction 
I * s is assumed, n bears the same significance to <I C > and o that it does in 
the multifilamentary composite system. 
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Xn the multiply connected limit of the WLFA model it i - ^ that there 
is a length scale. A, in the direction perpendicular to the direction of applied 
current, which is used to describe the degree to which junctions within A switch 
to the normal state at the same current. For low values of magnetic field, 
temperature, and current the network is isotropic and A extends across the 
entire sample. If M represents the number of connected junctions within A, then 
it is argued that the n value is increased by a factor M. as compared to the 
single filament result, and the effective width of the normal distribution 
becomes ol'M. In the WLFA model A falls with increasing current since larger 
applied currents require larger transverse balancing currents which in turn 
increase the probability that the transverse junctions will be broken. The re- 
duction in A manifests itself as a current dependent reduction of the n value, 
a result which is qualitatively different from multifilamentary composite sys- 
tems where n is independent of the current. At this point we caution the reader 
that when the junctions are multiply connected Eq. 1 no longer applies, and 
one must resort to numerical techniques 11 in order to obtain an I-V relation. 

Referring once again to Fig. 1, we believe that the I-V data qualitatively 
exhibits the main features of the WLFA model. These features are: the larger 
the n value, the larger the current required to drive the film normal, and at 



Fig. 3 Logarithmic derivative of the I-V data 
for a sequence of temperatures near T c . From 
top to bottom: 54 K, 56 K, 58 K. 60 K. 61 K, 
62 K, and 63 K. 
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a given temperature, the n value falls monotonically with increasing current. 

In addition, the I-V data shows evidence near T c that the tilins are nearly in 
the independent filament limit, i.e. that the films are made up of independent 
chains of weak links. If one looks closely at the low voltage portion of the 
I-V characteristic for the two left most curves, a tail in the data is evident. 
The data designated by the open circles was obtained at T c and the left most 
data about 1 K higher. To make the tail more prevalent we plot the n value 
against Log(I) in Fig. 3 for seven different temperatures spaced 1 K apart, with 
the lowest temperature being at the top of the graph. It is evident that the 
tail appears very abruptly within approximately 1 K of the T c value determined 
the resistivity measurement. In the experiments of Evetts et al. , where 
the magnetic field was varied and the temperature held constant, the same fea- 
ture was observed to appear suddenly at a field of 2 mT for sintered 
Y-Ba-Cu-0 wires immersed in LN 2 . An obvious explanation for the tail is that 
the measured voltage contains an ohmic component and a nonlinear component. 
The ohmic component could be a result of tunnel junctions, which have been 
driven normal, in series with the nonlinear component from the remaining portion 
of the weak link connected filaments. The fact that an ohmic component of the 
voltage exists near T c implies that the weak links are not multiply connected. 
If the junction array was multiply connected there would always be a super- 
conducting path across the sample and the ohmic contribution from the normal 



Temperature (K) 

Fig. 4 Resistive transition n value against 
temperature obtained using different criteria. 
From top to bottom: 0.4 fiV , 4 flW , and 40 flV . 
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junctions would not be visible. 


An implication of the WLFA model on the measurement of the intergranular 
critical current is that the measured I c is nearly equal to <I C > at any given 
voltage criterion provided that the n value at the voltage criterion is large. 
However, when n becomes small one tends to underestimate <I C > at any given 
voltage criterion. The latter point indicates that the I-V curves are being 
controlled by the weakest links, a result also deduced from magnetic field 
measurements 2 . In WLFA model, or more specifically, if the I-V characteristic 
results from switching of the weakest links which have a statistical distri- 
bution, we expect the temperature dependence of I c , as determined using a con- 
stant field criterion, to be a convolution of the junction and statistical 
distribution temperature dependencies, casting doubt on interpretations of the 
temperature dependence based solely on the tunnelling model. 

Continuing under the assumption that n is determined by <I C > and <J , we 
plot in Fig. A the n value vs. temperature at three different voltage criteria 
spanning two orders of magnitude. The solid lines are guides to the eye. For 
large n values the dependence of n with temperature is of a nonlinear nature, 
while the small n values show a more or less linear temperature dependence. 
When n is large the I c distribution is sharp and we expect that many weak links 
will be broken simultaneously resulting in a rapid reduction of n with increas- 
ing temperature. Small n values indicate a broad I c distribution therefore few 
weak links switch co-operatively and n has a weaker temperature dependence. 

Although the WLFA model provides no analytical expression for the I-V 
characteristic, and the temperature dependence of I c obtained using a constant 
voltage criterion is open to question in light of a statistical interpretation 
of the I-V data, we have been very successful in obtaining the temperature 
dependance of I c by appealing to the empirical relation V = A(I-I c ) m , first 
applied to such films by England, et al. 9 . In this relation I c and m are tem- 
perature dependent, and m was found to vary continuously from approximately 
m = 3 at low temperature to m(T c ) = 2.2 ± 0.1, and finally to m = 1 at 90 K. 
This empirical relation has been applied with similar success on both T1 and 
Bi films 7 ' 6 to describe the I-V data. We also find that the I-V characteristic 
of our films is reasonably described by this relation. In Fig. 5 we show the 
results of a least- squares fit of the data from Fig. 1 to the equation 
V = A ( I - I c ) m . The solid lines represent the least- squares fit at each temper- 
ature. In Fig. 6 we show the temperature dependence of the exponent, m, de- 
termined from the least-squares fit for the entire range of temperatures in 
which the I-V data were obtained. After performing least- squares fits on five 
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Fig. 5 Voltage against excess current ob- 
tained for a sequence of temperatures. From 
right to left: 20 K, 40 K, 51 K, 58 K, 62 K, 

and 64 K. 

such films we find that the value of m in the low temperature limit, 
m(20 K) = 3.13 ± 0.05 is determined with far more confidence than 
m(T c ) = 1.90 * 0.28. It would seem that this is a natural consequence of the 
fact that ( dm/ dT ) 20K « (dm/dT) Tc . The I c data of Fig. 5 are plotted in Fig. Z 
2 and are denoted with a + symbol. This fitted data shows a simple power law 

behavior, with an exponent of 2.22, for all temperatures. The power law tem- 

perature dependence is seen at low temperatures in the upper four I c data sets 
where the constant voltage criterion is expected to provide a more accurate 
value for I c . The temperature dependence of I c , deduced from the least-squares 
fitting procedure, on three separate films is shown in Fig. 7. The slope of 
the lines is 2.20 ± 0.05. The fit in Fig. 7 illustrates two points. The first 

point is that the temperature dependence is the same even for films whose J c ’s 

differ by more than an order of magnitude, and second, that the power law fits 
the data from near T c down to the lowest temperature measured (20 K) . If one 
accepts that the I-V characteristic is controlled by a distribution of weak 
links, as described by the WLFA model, then the I c obtained from fitting the 
I-V data to V a (I-I c )° is characteristic of the weakest links in the distri- 
bution. It is not clear whether the (1-T/T C ) 2 dependence of I c , deduced from 
V (X (I-I c ) m , is indicative of S-N-S tunnelling 17 . In other words, the tem- 
perature dependence of the I c distribution may be admixed with the weak link 
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Fig. 6 Temperature dependence of the expo- 
nent, m, obtained from a least- squares fit of 
the I-V data to V = A(I-I C )“. 


temperature dependence. In fact, what is puzzling about the (1-T/T C ) 2 depen- 
dence of I c is the wide range of temperatures over which it fits the data, an 
observation which has been made in Tl- and Bi- based HTS films as well ' 8 . In 
any type of tunnelling model, whether it is S-N-S, S-I-N-S, or S-I-S, one ex- 
pects to see a saturation at low temperatures because the energy gap and the 
decay length both become independent of temperature for T 1 0.5T C . Our mea- 
surements are made down to T = 0 . 2T C and still show no evidence of saturation 
in the I c data. One other possibility is that there is a distribution of T c ’s 
in the material, but again, it is not clear what type of a temperature depen- 
dence in I c one is expected to observe from such an effect. 
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Fig. 7 J c vs. (1-T/T C ) for three films. In 
each case J c was obtained from a least-squares 
fit of the I-V data to V - A(I-I C ) B . The best 
fit straight lines through the data have a 
slope of 2.2. 


CONCLUSIONS 


Ve have shown that the I-V characteristics of the polycrystalline HTS films 
are qualitatively explained within the Weak Link Filament Array model (WLFA) . 
In addition, our films show evidence of being in the filamentary limit of the 
WLFA model near T c . The I-V data is well described by the empirical relation 
V a (I-I c )“ for the temperature range 20 K < T < 90 K. From this empirical 
I-V relation we find that I c a (1-T/T C ) 2 * 2 , and that this temperature dependence 
is characteristic of the weaker links in the I c distribution. 
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The conductivity a N in the normal state and the real and imaginary pans of the conductivity in the superconducting state 
o* = ( j| — i Oi of two Bi-Sr-Ca-Cu-0 thin films ( - 5000 A ) are reported. The films were deposited on LaAl0 3 and MgO substrate 
by co-evaporation and have a transition temperature T c of 80 K. The microwave conductivities were obtained from power trans- 
mission data, using a two-fluid model. Values for ct n of 4.1 x 10 4 and 6.3 X 10 4 S/m at room temperature were obtained for the 
films on LaAl0 3 and MgO at 28.8 GHz, respectively. Below 7 C , values of cr { = 5. 8xl0 4 and cr 2 = 1.4x 10 5 S/m for the film on 
LaAl0 3 and a l = 7.3x 10 4 and <7 2 =7.7x 10 4 S/m for the film on MgO were obtained at 28.8 GHz. For the film on LaA10 3 , c 2 
decreased with increasing frequency, while for the one deposited on MgO, the behavior was completely opposite. The temperature 
dependence of the conductivity, both above and below T 0 was the same for both films. From <7 : , values for the magnetic penetra- 
tion depth X or 5.6 and 7.6 pm at 75 K were determined for the films on LaA10 3 and MgO, respectively. 


1. Introduction 

The discovery of high temperature superconduc- 
tors [1,2] has prompted efforts to develop their mi- 
crowave applications. The low microwave and mil- 
limeter wave losses of these new superconducting 
oxides make them very attractive for the develop- 
ment of voltage dividers, resonators, phase shifters, 
and other high frequency analog devices. Microwave 
studies are of major importance in the view of the 
limitations of other traditional probes, such as spe- 
cific heat and ultrasonic attenuation. These are 
strongly influenced by the phonon system which is 
heavily populated near the transition temperatures 
of these new superconductors [ 3 ] . In millimeter and 
microwave characterization, the parameter most 
often measured has been the surface resistance [3- 
6], Less frequently, results have been reported for 
the complex conductivity [7-9]. A considerable 
amount of work in this area has been carried out in 

0921-4534/90/S03.50 © Elsevier Science Publishers B.V. 

( Nonh-Holland ) 


the Y-Ba-Cu-0 superconducting oxide [ 3-6,9 ] , and 
now similar measurements are underway in the re- 
cently discovered Bi-Sr-Ca-Cu-0 [10] andTl-Ba- 
Ca-Cu-0 [11] superconductors. Although milli- 
meter wave studies of Y-Ba-Cu-0 thin films have 
been performed in the frequency range from 26.5 to 
40.0 GHz [ 12], to the best of our knowledge no sim- 
ilar studies has been performed for Bi-Sr-Ca-Cu-0 
at these frequencies. 

In this communication we are reporting our re- 
sulting of the characterization of Bi-Sr-Ca-Cu-O 
thin films at frequencies from 26.5 to 40.0 Ghz, in 
terms of the power transmitted through the films, as- 
suming a two-fluid model. Values for the normal and 
complex conductivities, above and below 7 C respec- 
tively, have been obtained along with values for the 
magnetic penetration depth as a function of tem- 
perature and frequency. 


155 



2. Analysis 

Since a complete understanding of the nature of 
superconductivity in the high-7 c superconductors is 
still rather limited, we have assumed that their su- 
perconducting state can be described in terms of a 
two-fluid model. The attributes of simplicity and 
success in yielding reasonably good estimates of the 
microwave properties of metallic superconductors for 
the case hco « ZT gap [13] and also for Y-Ba-Cu-0 at 
microwave frequencies [14,15] make this model an 
appropriate one for describing some of the phenom- 
enological aspects of the behavior of the Bi-Sr-Ca- 
Cu-0 superconductors. In this model the complex 
conductivity is cr* = a, — i<7 2 » with 

<J\=o c t\ a 2 =(j c {\-( 4 )/ojT . ( 1 ) 

Here, a Q is the normal conductivity at 7= T Ci co-2k/ 
is the angular frequency, t is the reduced tempera- 
ture T/T c , and z is the mean carrier scattering time. 
Thus, to determine either <r { or o 2 we need to know 
the transition temperature T c and the value of <r c . 
Furthermore, the value of r must be known before- 
hand if o 2 is to be obtained from eq. ( 1 ), 

In order to determine the normal and complex 
conductivities of the films under study, we have used 
the method applied by Glover and Tinkham [16]. 
In this method, the transmission of a normally in- 
cident plane wave through a film of thickness d 
( « wavelength or skin depth) deposited on a sub- 
strate of thickness / and index of refraction n is mea- 
sured. Mathematically, the transmitted power can be 
expressed as 


A 4- Pcos 2 kl 4- Csin 2k! 9 
where 

A = n 4 + 6n 2 + 1 +2(3* 2 + 1 )g 
+ (n 2 +l)(b 2 +g 2 ) , 

B = 2(n 2 - 1 )g- (n 2 -l) 2 +(n 2 -l )(b 2 +g 2 ) , 
C=2(rt 2 — 1 )nb , 


is the dimensionless complex admittance per square 
of the film in units of the characteristic admittance 
Z j 1 of the waveguide (where Z C = Z 0 / 
~ ifc/f) 1 , - 0 -377 ft, mks; Z 0 = 4;r/c, cgs; 
/ = cutoff frequency of the TE mode waveguide, and 
/is the operational frequency). 

In the normal state, eq. (2) becomes 


a^ : Z c 2 e+<J N </Z c *+J , 

where 


a N = normal conductivity , 
G=(*-+i) + (rt 2 -l)cos 2 kl, 

P = 2(3n 2 +l)42(* 2 -l)cos 2kl , 
J=n 4 + 6n 2 + I — ( ^ 2 — 1 )cos 2 kl. 


The normal state conductivity of the film can be ex- 
pressed conveniently in terms of the power trans- 
mission as 


tf N = 


— RP N ±\/ (.R^n) 2 — 4g/’ N (.// > N — 8/r) 
2 QP*dZ z 


(4) 


where only the expression with the + sign has phys- 
ical relevance. It is convenient to use the ratio P s / 
Pn in the analysis of the superconducting state, where 
P s refers to the transmission in the superconducting 
state given by eq. (2). Thus, 


P s _ (cTsdZS-Q+CvdZcR + J 
P N A 4 B cos 2/c/+ Csin 2kl 


Solving eq. (5 ) for the imaginary part a 2 of the con- 
ductivity and using the value of cr N at T= T c we have 


£i _ f » + . 

f 1 

Ui) 1 ,1 

V 2 ) o c dZ c 

\(<r c dZ c ) 2 

1\2J 


a ldZ z \aj 



(MZ C ) 2 J 


1/2 


( 6 ) 


k=ncj/c , 

and 

y=g— i b- YZ C = ( G- iB) Z e = ( a, - iff, )d Z c 


where <r c and P s are the conductivity and the trans- 
missivity at T=T C , and 

a= ( l /D)[6n 2 +2 + 2(n 2 — I )cos 2kl] , 
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f}= ( i/D) [ — 2ai(n 2 — 1 )sin 2kl] , 

y = { \ /D)[n 4 + 6n 2 + \ — (n 2 + \) 2 cos 2 kl] , 

D=n 2 +l + (« 2 — 1 )cos 2kl . 

Thus, from the relation for in eq. ( 1 ), and eq. (6), 
the real and imaginary parts of the conductivity can 
be determined. 

The magnetic penetration depth X can be obtained 
from London's equation 

A=(Mt^wa z ) u - , ( 7 ) 

where /io is the permeability of free space. The mag- 
netic penetration depth can then be written in terms 
of the superfluid density ^ as 

k={m*/noXe-) , (8) 

where m* is the effective mass and e is the charge of 
the charge carriers. From the two-fluid model 

( 9 ) 

where . is the total number of carriers per 

unit volume, we have 



( 10 ) 

From this expression the zero-temperature penetra- 
tion depth X 0 can be obtained. Note that since eq. 
(8) applies to homogeneous superconductors, the 
values of X 0 obtained in this way are larger than those 
that would be obtained for homogeneous films. 

Our measurements were made on Bi 2 Sr 2 CasCu 2 0 T 
superconducting films of approximately 5000 A 
thickness deposited on MgO and LaA10 3 substrates. 
The MgO and LaAl0 3 substrates were 0.113 and 
0.025 cm thick, respectively. The films were depos- 
ited by co-evaporation in an oxygen atmosphere of 
5x 10“ 5 Torr. Then the film were post annealed at 
725 3 C in a wet oxygen atmosphere for 30 to 60 min, 
followed by an anneal at 850°C for a period of 5 to 
25 min. A more detailed explanation of the depo- 
sition technique is given in ref. [17]. The T c for both 
films was approximately 80 K. 

The power transmission measurements were made 
using a Hewlett-Packard model HP-8510 automatic 
network analyzer connected to a modified helium gas 


closed cycle refrigerator T>y Ka-band (26.5 to 40.0 
GHz) waveguides. Inside the vacuum chamber of 
the refrigerator, the sample was clamped between two 
waveguide flanges which were in direct contact with 
the cold head of the refrigerator. The power trans- 
mitted through the sample was obtained by meas- 
uring the trasmission scattering parameter. The tem- 
perature gradient between the top and the bottom of 
the sample was estimated to be less than 1 K at 90 
K. The system was properly calibrated with short, 
open, loads, and through calibration with short, open, 
loads, and through calibration standards before the 
beginning of each measurement cycle. 


3. Results and discussion 

The Bi ; Sr : Ca|Cu : 0. T films deposited on LaAl0 3 
and MgO substrates were inspected with a scanning 
electron microscope (SEM) and analyzed by X-ray 
diffraction. The surface morphology of the film de- 
posited on MgO is smoother than for the one de- 
posited on LaAl0 3 , as can be seen from fig. 1. The 
voids seen in the SEM picture for the film deposited 
on the MgO were probably caused by hydrolyzing 
the CaF 2 and SrF 3 during the first step of the an- 
nealing. The hydrolyzation produces HF gas. which 
probably caused the voids. The same effect had been 
observed in sequentially evaporated YBa : Cu : 0-_ < j 
superconducting films [18]. The films on both sub- 
strates are c-axis oriented. This can be observed from 
both the SEM pictures in fig. 1 and the X-ray dif- 
fraction data in fig. 2. One must conclude from the 
ratio of the (00/m) and (00/?/?) peaks in the X-ray 
diffraction pattern that the Bi 2 Sr,CaiCu : O v film on 
MgO is better c-axis aligned than the one on LaAl0 3 . 

Figures 3 and 4 show the transmitted power versus 
temperature plots, at three different frequencies, for 
the films considered in this study. The beginning of 
the superconducting transition is observed clearly in 
both films and for the three frequencies shown in the 
figures. Note that the starting point of this transition 
for both films remains approximately at the same 
temperature for the frequencies represented, sug- 
gesting that, at least for the frequencies and temper- 
ature intervals considered here, the frequency de- 
pendence of the starting point for the normal to the 
superconducting slate transition is rather small, it is 
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Fig. 1. Scanning electron micrograph for BtjSr.Ca^i^O* thin films (5000 A) on LaAI0 3 (a) and MgO (b) substrates. The bar indicates 
10 pm. 


also observed that the temperature at which the nor- 
mal to the superconducting state transition begins 
( -90 K) does not coincide with the transition tem- 
perature corresponding to zero DC resistance ( - 80 
K). This behavior is in agreement with the rather 
broad resistive transition (AT c -~ 10 K) typical of this 
superconducting system, and it appears to indicate 
that within this region the sample is in a mixed state 


where all the superconducting clusters are not inter- 
connected, as previously suggested by other re- 
searchers [19]. An interesting feature of the power 
transmission through the Films is its frequency de- 
pendence. From fig. 3 it is observed that the power 
transmitted through the film on LaAl0 3 increases 
with increasing frequency, while the opposite behav- 
ior is observed for the film on MgO, Within the fre- 
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Fig. 3. Transmitted power vs. temperature for a co-evaporaied 
BWS^CajCu^Of thin film (5000 A) on LaAlOj. 



Fig. 2. X-ray diffraction pattern of 5000 A superconducting 
BSCCO thin films on LaAlOj (a) and MgO (b) substrates. The 
films are the Bi;Sr 2 Ca|Cu 2 0. t (2212) phase with the c-axis per- 
pendicular to the LaAlOj and MgO substrates. 

quency range measured there is no frequency de- 
pendence in the power transmitted through bare 
LaAl0 3 and MgO substrates. This suggests that the 
observed frequency dependence is a film-substrate 
combination effect. No concrete explanation for this 
behavior is available yet, and further investigations 
are underway. 

Figures 5 and 6 show the real and imaginary con- 
ductivities, o t and o 2y respectively, for both films at 
28.8 GHz. The values for the normal conductivities 
at room temperature for the films on MgO and 
LaA10 3 are 6.3xl0 4 and 4.1 xlO 4 S/m, respec- 


Fig. 4. Transmitted power vs. temperature for a co-evaporated 
Bi ; Sr 2 Ca,Cu 2 0 T thin film (5000 A) on MgO. 

tively. Both values are lower than estimated values 
for the normal direct current conductivity at room 
temperature ( - 2.0x 10 5 S/m ) reported for very high 
quality BUS^Ca^uA}, superconducting films de- 
posited on MgO by sequential electron beam evap- 
oration [20]. No data within the normal to super- 
conducting state transition region, clearly identified 
in fig. 5, were considered in our analysis. Although 
studies of this region had been done assuming dif- 
ferent models, such as the presence of randomly di- 
luted Josephson junctions [19], there is no simple 
physical model to account for the distribution ot 
normal and superconducting carriers in this region, 
a fact that makes the determination of the normal 
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Fig. 5. Real pan of the conductivity a T vs. temperature for co- 
evaporated Bi 2 Sr ; Ca t Cu 2 0, thin films (5000 A) on MgO and 
LaA10 3 at 28.8 GHz. a r =*cr N for T> T c and a t -a x for T< T c . 
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Fig. 6. Imaginary pan of the conductivity a 2 vs. temperature for 
co-evaporated Bi 2 Sr 2 Ca,Cu 20 x thin films (5000 A) on MgO and 
LaA10 3 at 28.8 GHz. 

conductivity down to T c very cumbersome. There- 
fore, using the same approach applied in a previous 
work [12], we have considered the critical conduc- 
tivity to be the conductivity at or just above the on- 
set temperature. Since the two-fluid model assumes 
that all the regions of the sample become supercon- 
ducting at once, the values of cr, obtained using 
^c=^on«i in eq. ( I ) will be smaller than those ob- 
tained from <7 c = a at 7 v- How much these values differ 



will depend upon the width AT of the transition re- 
gion and the overall quality of the superconducting 
properties of the film. For comparison purposes, an 
extrapolation of a T above T onsct to T c was done. This 
resulted in a a c extrapolated 6.0 and 7.2 percent 
greater than a onsct for the Film on MgO and LaAl0 3 , 
respectively. It is important to realize that this dis- 
crepancy will become smaller for Films in which 7~ on _ 
5C1 is very close to T c . Using eq. (1), values of 
<7, = 7.3x 10 4 and aj = 5.9x 10 3 S/m were obtained 
for the Film on MgO at 75 and 40 K, respectively. 
For the Film on LaA10 3 we obtained cr, = 5.8 X 10 4 
and <j 1 = 4.7x 10 3 S/m at 75 and 40 K, respectively. 

Figure 6 shows the imaginary part of the complex 
conductivity at 28.8 GHz for the two Films under 
consideration. Observe that the values of a 2 corre- 
sponding to the Film on La.A10 3 are greater than those 
of the Film on MgO. This feature, together with the 
observation from Fig. 5 that for the Film on MgO 
is greater than that for the Film on LaA10 3l appears 
to indicate that at this frequency the Film on LaA10 3 
has better superconducting properties than the one 
on MgO. This raises an interesting observation that 
despite the Film on LaA10 3 being less c-axis oriented 
than the Film on MgO, as concluded from the X-ray 
diffraction pattern, it still shows a higher degree of 
superconductivity. Therefore, the deposition of highly 
c-axis oriented BUS^CajCu^O,* on LaAl0 3 promises 
to yield Films with excellent superconducting 
properties. 

The imaginary part of the conductivity increases 
with decreasing temperature, a behavior expected 
from the two fluid model approximation. Values of 
1 .4 x 1 0 5 and 3.3 X 1 0 5 S/m are obtained for the Film 
on LaAl0 3 at 75 and 40 K, respectively. For the Film 
on MgO we obtained values of 7.7x 10 4 and 1.2 X 10 5 
S/m for the same temperatures mentioned above. 
Using eq. (7) we found the magnetic penetration 
depth A for the film on LaA10 3 to be 5.6 and 3.7 pm 
at 75 and 40 K, respectively. From the value of A at 
40 K we found A 0 = 3.6 pm. For the Film deposited 
on MgO we found A = 7.6 pm at 75 K and A = 6.1 pm 
at 40 K, and a value of A 0 equal to 5.9 pm. The val- 
ues of A obtained for both Films are considerably 
larger than the Film's thickness, which implies a strong 
interaction between the microwave Field parallel to 
the Film surface and the substrate. The zero-temper- 
ature penetration depths are also large in compari- 
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son with the values obtained at the same frequencies 
and temperature for laser ablated YBa 2 Cu 3 0 7 _ < j su- 
perconducting thin films on LaAlOjand MgO [12]. 

Figures 7 to 10 show the real and imaginary con- 
ductivities versus temperature at 31.5 and 34.9 GHz. 
It can be seen that as the frequency increases so does 
the imaginary part of the conductivity of the film on 
MgO, while the imaginary part of the conductivity 
for the film on LaA10 3 decreases with increasing fre- 
quency. No significant change as a function of fre- 
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Fig. 7. Real pari of the conductivity a T vs. temperature for co- 
evaporated Bi2Sr 2 Ca)Cu : 0, thin films (5000 A) on MgO and 
LaA10 3 at 31.5 GHz. u r = a N for T> T c and a { — a, for T< T c . . 
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Fig. 8. Imaginary part of the conductivity <y ; vs. temperature for 
co-evaporated Bi 2 Sr 2 CajCu 2 O t thin films ( 5000 A ) on MgO and 
LaAlOj at 3 1 .5 GHz. 
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Fig. 9. Real pan of the conductivity o r vs. temperature for co- 
evaporated Bi 2 Sr 2 CaiCu 3 O x thin films (5000 A} on MgO and 
LaAiOjat 34.9 GHz. <x f = cr N for T> T c and <7 r = a, for T<T C . 
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Fig. 10. Imaginary pan of the conductivity vs. temperature tor 
co-evaporated Bi 2 Sr 2 CaiCu 20 . r thin films (5000 A) on MgO and 
LaAl0 3 at 34.9 GHz. 

quency is observed for o x . Values for X of 3.7 and 3.9 
pm were obtained for the film on LaA10 3 at 40 K 
and at 31.5 and 34.9 GHz, respectively. For the film 
deposited on MgO, X was equal to 5.4 and 4.7 pm for 
the same temperature and frequencies. 


4. Conclusions 

Microwave conductivities of superconducting Bi- 
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Sr-Ca-Cu-0 thin films at frequencies within 26.5 to 
40.0 GHz and at temperatures from 25 to 300 K were 
determined. The conductivities, a N and cr* = <7, — 
icr 2 , corresponding to the normal and the supercon- 
ducting state, respectively, were obtained in terms of 
the transmitted power and a two-fluid model. The 
results obtained suggest that, at least from the stand- 
point of the complex conductivity and for the fre- 
quency range considered, the film deposited on 
LaAlOj shows better superconducting properties than 
the one deposited on MgO. Values for the magnetic 
penetration depth, determined using the obtained 
values of a 2 , were more than five times the film 
thicknesses, indicating a strong field substrate inter- 
action in this frequency range. This aspect may be of 
importance in the proper selection of film-substrate 
combination for microwave devices operating in this 
frequency range. 
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ABSTRACT 

There is great interest in the application of thin film 
high temperature superconductors in high frequency electronic 
circuits. A ring resonator provides a good test vehicle for 
assessing the microwave losses in the superconductor and for 
comparing films made by different techniques. Ring resonators 
made of YBa 2 Cu 307 _ x have been investigated on LaA 103 substrates. 
The superconducting thin films were deposited by sequential 
electron beam evaporation of Cu, Y, and BaF 2 with a post 
anneal. Patterning of the superconducting film was done using 
negative photolithography. A ring resonator was also 
fabricated from a thin gold film as a control. Both resonators 
had a gold ground plane on the backside of the substrate. The 
ring resonators' reflection coefficients were measured as a 
function of frequency from 33 to 37 GHz at temperatures ranging 
from 20 K to 68 K. The resonator exhibited two resonances 
which were at 34.5 and 35.7 GHz at 68 K. The resonant 
frequencies increased with decreasing temperature. The 
magnitude of the reflection coefficients is used in the 
calculation of the unloaded Q-values. The performance of the 
evaporated and gold resonator are compared with the performance 
of a laser ablated YBa 2 Cu 307 _ x resonator. The causes of the 
double resonance are discussed. 


INTRODUCTION 

The advent of high temperature superconductors has drawn 
attention towards the possibilities of using thin films 
superconductors in microwave circuits. Several measurement 
techniques have been employed for characterization of the films 
including high Q cavities [1]/ stripline resonators [2] and 
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ring resonators [3] . The surface resistance of the the 
YBa2Cu307-x superconductor has been investigated on bulk 
samples, thin films and single crystals [4-6] . In this paper 
we employ a ring resonator to study the microwave properties of 
YBa 2 Cu 3 C> 7_5 fabricated by multi-layer sequential evaporation 
with post-anneal . 


DEPOSITION AND ANNEAL PROCEDURES 

Electron beam evaporation was used for deposition of Cu, 
Y, and BaF 2 on LaA 103 . The materials were deposited in that 
order which was repeated four times for a total of twelve 
layers. The thicknesses of the individual layers were 507 
angstroms for Cu, 473 angstroms for Y, and 1704 angstroms for 
BaF 2 • The details of the deposition process have been 
previously reported [7,8]. 

The multilayer stack was subjected to a post anneal to 
assist in the formation of the proper phase of YBa 2 Cu 307 - x . The 
samples were inserted into a preheated furnace using a slow 
push. They were annealed at 900 °C for 45 minutes in oxygen 
bubbled through room temperature water. The temperature was 
then ramped down to 450 °C where it was held for six hours. 
Finally, the temperature was ramped down to room temperature. 
The ambient was dry oxygen during all stages except the high 
temperature anneal. This procedure resulted in a one micron 
thick superconducting thin film with an onset temperature of 93 
K and a critical temperature of 85 K. 


PATTERNING PROCEDURE 

The ring resonator was patterned using negative 
photolithography. KTI 752 photoresist was spun on at a rate of 
4,000 rpm for 60 seconds which resulted the photoresist being 

1.7 |lm thick. The sample was soft baked at 95 °C for 25 
minutes and exposed through a dark field mask for five seconds 
with an illumination power density of 34.8 mW/cm 2 . The 
photoresist was developed for 2 minutes and 45 seconds in 802 
developer and rinsed in ethanol. A one percent molar bromine 
solution in ethanol was used for etching the thin film followed 
by a 30 second rinse. Finally, the photoresist was removed in 
SN-10 stripper. 

Once the superconductor was patterned, a ground plane was 
deposited on the back of the substrate using electron beam 
evaporation. For adhesion, a 1400 angstrom titanium layer was 
deposited before the one micron gold ground plane. 


RESONATOR ANALYSIS 

The following dimensions correspond to the resonator shown 
in Figure 1. H is the substrate thickness. 

H - 254 microns W - 143.3 microns 

S - 36 microns R - ( ri + r 2 )/2 - 990 microns 
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Figure 1: Ring resonator. 

The resonator was designed for 50 ohm transmission lines 
with a resonant frequency of 30 GHz for the first harmonic. At 
the time of the design, the dielectric constant for LaA 103 was 
reported to be 15. Since then a more recent value reported for 
the dielectric constant is 21.9. This has resulted in a 
characteristic impedance for this geometry 42.9 ohms. The 
first harmonic was decreased below K-band. For this reason, we 
measured at the second harmonic which had a resonant frequency 
of 35.1 GHz at 25 K. 

Microwave Testing 

Once fabricated the ring resonator was experimentally 
tested using an HP 8510B network analyzer. The microwave test 
setup was configured using waveguides. Thus, a waveguide to 
microstrip transition was implemented using a cosine tapered 
ridge transition [9]. 



Figure 2: Magnitude of the reflection coefficient 
for ring resonator's fabricated from gold and 
YBa 2 CU 307 - x at 30 K. 
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The reflection coefficient for the resonators was measured as a 
function of frequency at temperatures ranging from 20 K to 300 
K using a CTI closed cycle cryogenic refrigerator. The 
superconducting resonator was measured from 20 K to its 
critical temperature. The resonant frequency superconducting 
resonator was 35.1 GHz at 25 K. Figure 2 shows the magnitude 
of the reflection coefficient for both the gold and the 
superconducting resonator at approximately 30 K. 

The superconducting resonator exhibited two resonant 
valleys. Valley 1 matched the resonant frequency of the gold 
resonator while valley 2 occurred at .36.1 GHz. As will be 
discussed below, the occurrence of the second valley can be 
caused by one section of the ring resonator having a larger 
impedance than the rest of the ring. 

Double Resonance Modeling 

A transmission line model was implemented in Touchstone 

[10] to allow study of the double resonance. The resonator was 
simulated using transmission lines to match the physical layout 
and capacitors to model the gap. The capacitance values used 
were calculated from empirical equations derived in reference 

[11] . The impedance was increased in a region corresponding to 
three percent of the ring’s circumference located closer to the 
transmission end. The location of this section for our model 
was 114° from the input. The impedance of this region was 
increased from a single line with 42.9 ohms to two parallel 
lines of 150 ohms each. This simulates a blister centered in 
the ring’s transmission line. Figure 3 presents the results 
from this model. 



Frequency (GHz) 

Figure 3: Modeled ring resonator with blister 
centered in the transmission line. impedance of the 
lines around the blister were 150 ohms. Blister was 
located 1/3 the way around the ring. 

The resonant frequencies of the model match directly with 
the resonant frequencies of the superconducting ring resonator. 
The width of valley 1 is quite similar, but the width of valley 
2 is smaller for the modeled resonator. The reflection 
coefficient is much lower off resonance for the superconducting 
resonator. The the depth of the valley's peaks could be 
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altered by varying the position of the blister around the ring. 
The position used for the calculation shown in Figure 3 agrees 
with the location of a blistered region observed in the film of 
the resonator. The separation of the two valleys could be 
increased by increasing the impedance of the transmission lines 
around the blister. The response of the model remained the 
same for different number of transmission lines used within the 
high impedance region as long as the parallel combination of 
the characteristic impedances remained constant. 

Resonant Frequency Shifts 

The group velocity for a microstrip configuration with 
superconducting transmission lines varies as a function of 
temperature for temperatures less than the superconductor's 
critical temperature. This corresponds directly to a change in 
wavelength. Thus, the resonant frequency also varies as a 
function of temperature. The group velocity for a 
superconducting transmission line with a superconducting ground 
plane is given by [12] 


Ve eff (f) 


1 + (Xj/hj coth (ti/Xj + ^ 2 /hj coth ^ 2 /^ 2 ) 


■ J./ Z. 


where Xi and ti are the transmission line's penetration depth 
and thickness, respectively, and X 2 and t 2 are the ground 
plane's penetration depth and thickness, respectively. If the 
ground plane is a normal metal, the group velocity is reduced 
to 


v 


c 

e eff ( f ) 


1 + (X-^/hj coth (ti/X 


- 1/2 


Note that the first equation is general enough to accommodate 
microstrip circuitry with superconductors of different 
penetration depths for the transmission line and ground plane. 

Figure 4 shows the calculated resonant frequency for a 0.7 
micron thick film as a function of the temperature normalized 
to the critical temperature. This graph shows three plots. 
Two plots show the comparison of the resonant frequency with 
two different penetration depths for a sample with a gold 
ground plane and a superconducting resonator. The penetration 
depths were chosen to be on each side of the values 
experimentally determined by [13] . The third plot represented 
by the open squares shows the resonant frequency as a function 
of temperature for a sample with both the ground plane and the 
resonator being superconducting. Replacing both the 
transmission lines and the ground plane with a superconductor 
will decrease the losses in the circuit if the superconductor 
losses are lower than the gold losses. The resonant frequency 
for a sample with both a superconducting transmission line and 
a ground plane will exhibit a larger shift in the resonant 
frequency as the temperature nears the critical temperature for 
the superconducting film. 
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Figure 4: Resonant frequency versus normalized 
temperature for a 0.7 micron thick film. Different 
penetration depths are shown as well as an example of 
both ground plane and transmission lines being 
superconductors . 

The shift in the resonant frequency for the sequentially 
evaporated superconducting ring resonator exhibited the same 
shape as the theoretical predictions. The measured resonant 
frequency as a function of temperature is given in Figure 5. 
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Figure 5: Resonant frequency versus temperature for 
the superconducting ring resonator. Both valleys are 
represented. 


An attempt was performed to try to match the theoretical 
equations with the experimental data. The equations resulted 
in a penetration depth that was much larger than the thickness 
of the film. This is not reasonable since the film would no 
longer be superconducting for a large penetration depth. A 
possible explanation for the large penetration depth is due to 
the film being granular. This may allow more penetration at 
between grains . 
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Unloaded Q Calculation 


The unloaded Q of the resonator can be extracted from the 
reflection coefficient. The model used for the derivation of 
the equation is a parallel RLC circuit with an ideal 
transformer in parallel and a series input resistance [14]. 
This model is for an unterminated resonator. It was used since 
the resonator was not loaded on the transmission side during 
our testing. 


The derivation of the equations presented here are 
published in reference [14]. The loaded Q of a resonator is 
given by 


Ql 


£r 

fl - f 2 


where fi and f2 are the half power points on each side of the 
resonant frequency f r . The values for the half power levels 
are calculated by 


P 1/2 = 


1 

2 
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a - i 


a + i 



where cr is the coupling loss and k' is the effective coupling 
coefficient. The coupling loss is calculated far off resonance 
where the reflection coefficient (Ti) is nearly constant. 


a = 


l - 

i + r L 


The effective coupling coefficient is the sum of the coupling 
coefficient and the coupling loss. The coupling coefficient 
can be easily calculated using the reflection coefficient (r r ) 
at the resonant frequency. The coupling coefficient can be 
calculated by 


k 


i - r r 
i + r r 


or k 


1 + F r 
i - r r 


for the undercoupled and overcoupled cases, respectively. 
The unloaded Q can be calculated from the loaded Q by 



The unloaded Q as a function of temperature is shown in 
Figure 6. The unloaded Q for both valleys of the sequentially 
evaporated resonator are shown. 
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Figure 6: Unloaded Q versus temperature for the gold 
ring and the superconducting ring. Both valleys are 
shown for the superconducting ring. 

The gold resonator had a larger unloaded Q than our 
sequentially evaporated film. At lower temperatures the 
difference between the unloaded Q values narrowed since the 
superconducting resonator's unloaded Q increased faster then 
the gold resonator's when compared to valley 1. 


The surface resistance of the ring resonator can be 
extracted from the unloaded Q. The surface resistance is given 
by [15] 


Rss = r sau 


4JlZ 0 JC f _1 
B(C + D) ^ \QoAU 



where Rsau is the surface resistance of gold, and Q 0 au and Q 0 s 
are the unloaded Q values of the gold resonator and the 
superconducting resonator at the same temperature, 
respectively. The constants B, C, and D are related to the 
physical dimensions and are given in reference [15] . 

The surface resistance as a function of temperature for 
both the gold and the sequentially evaporated films are ^ shown 
in Figure 7. For comparison a ring resonator was fabricated 
from a film deposited by laser ablation [16]. The surface 
resistance calculated for this film is also shown in Figure 7 . 

The graph shows that the sequentially evaporated film had 
the highest surface resistance at all temperatures . The gold 
film’s surface resistance was about two-thirds the value of the 
sequentially evaporated film at 25 K. The laser ablated film 
had a surface resistance of approximately half that of gold at 
temperatures less than 50 K. As the temperature neared the 
critical temperature, the surface resistance of the laser 
ablated film started to increase rapidly to a value larger than 
that for gold at 70 K. 
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Figure 7: Surface resistance versus temperature for 

a gold resonator and two superconducting resonators. 

The superconducting resonators were deposited using 
different techniques. One was deposited by laser 
ablation and one by sequential evaporation. 

CONCLUSION 

A sequentially evaporated YBa 2 Cu 307 _ x superconducting thin 
film was patterned into a ring resonator using negative 
photolithography. The ring resonators' reflection coefficients 
were measured using an HP 8510B network analyzer as a function 
of frequency from 33 to 37 GHz at temperatures ranging from 20 
K to 68 K. The resonator exhibited two resonances which were 
at 34.5 and 35.7 GHz at 68 K. The resonant frequencies 

increased with decreasing temperature. The double resonance 
could be explained using a model that allowed for a small 
section of the ring resonator to have a larger impedance than 
the rest of the ring resonator. The location of the high 
impedance section in the model correlated well with the 
location of a blistered region of the film in the resonator. 
Once the reflection coefficient data was taken, the unloaded Q 
was extracted. The superconducting resonator was compared to a 
gold resonator. The gold resonator had a higher unloaded Q 
value at all temperatures. This translated into the gold 
having a lower surface resistance than the sequentially 
evaporated superconducting film. The surface resistance of the 
gold was about two-thirds the surface resistance of the 
sequentially evaporated superconducting film at 25 K. When 
compared to the laser ablated film, the laser ablated film's 
surface resistance was about one half that of gold for 
temperatures less than 50 K. 
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ABSTRACT 

In this paper we report on the response of thin films of YBa Cu 3 0 7 , with 
either a very grainy or a smooth epitaxial morphology to visible radiation. SrTiOj 
substrates were employed for both types of films. The grainy films were formed by 
sequential multi-layer electron beam evaporation while the epitaxial films were 
formed by laser ablation. Both films were patterned into "H" shaped detectors via a 
negative photolithographic process employing a Br/ethanol etchant. The bridge 
region of the "H" was 50)t/m wide. The patterned films formed by laser ablation and 
sequential evaporation had critical temperatures of 74 K and 72 K respectively. The 
bridge was current biased and illuminated with chopped He-Ne laser radiation and the 
voltage developed in response to the illumination was measured. A signal was 
detected only above the critical temperature and the peak of the response coincided 
with the resistive transition for both types of films although the correspondence 
was less exact for the grainy film. The details of the responses and their analysis 
are presented. 

1. INTRODUCTION 

The discovery of high temperature superconductors has prompted a large amount 
of research into potential applications. These include their use in detectors for 
electromagnetic radiation over a wide range of frequencies, including optical 
frequencies 1-4 . Much of the reported work attributes the observed photoresponse to 
bolometric effects in which the film is heated by the incident radiation. Some 
authors have attributed some of their observations, particularly for grainy films 
with wide transitions, to non-bolometric phenomena but these interpretations have 
not been universally accepted. 

We report here our observations on the photoresponse of two different 
YBa 2 Cu J 0 76 films to visible radiation. One film was epitaxial and had a smooth 

morphology while the other film had a mixed orientation to the substrate and was 
quite grainy. Both of these films had comparable critical temperatures and 
transition widths after patterning into test structures. 

2. EXPERIMENTAL PROCEDURES 

The sequentially evaporated films were deposited by electron beam evaporation. 
Details on the formation of these films have been reported previously 5 • but the 
main parts of the process will be reviewed here. The films were formed from Cu, Y 
and BaF 2 deposited in that order. Five layers of each were deposited for a total of 
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fifteen layers. SrTiO substrates were used. Following deposition the films were 
annealed in a hot wall tube furnace to form the superconductor. The samples were 
slowly pushed into the preheated furnace over a five minute period. They were 
annealed at 900°C for 15 min. The temperature was lowered to 450°C at -2°C/min and 
held there for 6 hr. Finally the temperature was lowered to room tenperature at 
approximately 2°C/min. The ambient was oxygen bubbled through room temperature 
water during the high temperature anneal and dry oxygen at all other times. The 
thickness of the sequentially evaporated film for these experiments was 0.5 //m. 
Films produced by this procedure typically have a critical temperature of 85 K, a 
granular morphology with a "basket weave" texture and mixed orientation. 

The epitaxial film was formed by laser ablation from a YBa Cu 0 target 7 . 
During deposition the substrate was heated to 630°C and the chamber pressure was 
170 mtorr oxygen. The wavelength of the laser was 248 nm, the energy density was 
1.5 J/cm /pulse and the pulse rate was 4 per second. The laser beam was incident on 
the target at 15° from the normal. After deposition the oxygen pressure was raised 
to 1 atm and the temperature was lowered to 450 °C at -2°C/min. It was held there 
for 2 hr and then slowly lowered to 250°C. The film had a thickness of approxi- 
mately 0.2 fm and a smooth morphology. 


For the photoresponse measurements the films were patterned into an "H" shaped 
detector. The photolithographic procedure employed KTI 752 negative photoresist. 
The films were etched in 1:100 bromine: ethanol (molar). The bridge reqion of the 
"H" was 50 fm wide. 

Electrical contacts were made to each of the four legs of the "H." The 
metalization for the contacts consisted of 0.7 yum of Ag and 0.3 /m of Au.* The Au 
top layer was used to facilitate wire bonding. The contacts were patterned through 
a chlorobenzene assisted lift-off procedure employing positive photoresist. 
Following deposition, the contacts were annealed at 500 °C in oxygen 5 . 
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Figure 1. Scanning electron micrograph of a detector fabricated from a 
sequentially evaporated superconducting film. 
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Figure 1 shows a scanning electron micrograph of a detector made from the 
sequentially evaporated film. The darkest region is the superconductor. The four 
contacts are also visible on the legs of the "H". Also evident in this micrograph 
are many small blisters in the film. These blisters occasionally form on the 
sequentially evaporated films during the annealing procedure. They do not occur on 
all samples formed with nominally the same procedures but unfortunately did form on 
this sample. Electrical measurements showed continuity and measurements on this 
sample were carried out in spite of these defects. Figure 2 is a higher magnifica- 
tion micrograph of the bridge region of the same detector. The granular basket 
weave morphology is apparent. Notice that the basket weave structure is not 
apparent on the blister, where the film has come out of contact with the substrate. 



Figure 2. Higher magnification scanning electron micrograph of the bridge 
region of the sequentially evaporated detector. 


The bridge region of a detector formed from the epitaxial laser ablated film is 
shown in Figure 3. The film is very smooth, although there are some small particles 
on the surface. (The large particles are dirt or dust.) 


For measurement of the res istance- temperature characteristics and photoresponse 
of the samples, the substrates were mounted onto the sample holder of a closed cycle 
He cryostat. Gold wire bonds provided the electrical connections between the four 
contacts on the detectors and pins on the sample holder. Two of the contacts, one 
on each side of the bridge were used for current biasing while the other two were 
connected to either a voltmeter, for resistance measurements, or a lock-in ampli- 
fier, for photoresponse measurements. 

For the photoresponse measurements the sample was illuminated with chopped He- 
Ne laser radiation. The light was focused onto the bridge region of the detectors 
through a window in the housing of the cryostat. To position the beam on the bridge 
for initial measurements, the temperature was adjusted to approximately the midpoint 
of the resistive transition. The detector was then illuminated and the position and 
focus of the beam was adjusted to maximize the detected signal. Additional comments 
on this will be made later in the paper. The diameter of the focused beam was small 
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Figure 3. Scanning electron micrograph made from a laser ablated supercon- 
ducting film. 

enough to avoid illumination of the contacts so that spurious signals due to 
thermocouple effects were prevented. Such signals were observed on occasion for 
mispositioned beams, but not during actual mea su rements. 

After positioning the beam, the photoresponse was measured as the temperature 
of the sample was varied. The measurements reported in this paper were made with 
the illumination chopped at 400 Hz and the sample biased at 100 /uA. A few measure- 
ments of the photoresponse as a function of chopping frequency up to 4 KHz were made 
with the temperature fixed. The signal was found to decrease by approximately 40% 
as the frequency increased over this range. Measurements were also made at several 
lower bias currents. The response was found to scale with current and those results 
will not be further reported here. 


3. RESULTS 

The resistance (R) in ohms, dR/dT in ohms/K and measured signal in fN for the 
detector made from the epitaxial film are shown as a function of temperature from 70 
to 90 K in Figure 4. The curve for dR/dT has been multiplied by a factor of five so 
that it could be plotted on the same scale as the others. The temperature of the 
sample was held at 79.4 K during optimization of the beam position. During the 
measurement it was varied down to approximately 12 K. The only observed response 
was in the range plotted in the figure. (Neglecting the small and nearly constant 
response at higher temperatures.) The peak of the photoresponse coincides well with 
the peak in dR/dT and the two curves agree well. The slight displacement of the two 
peaks is within the uncertainty in thermometry as the resi stance- temperature 
characteristic and the photoresponse were not measured simultaneously. The agree- 
ment indicates a bolometric photoresponse. 

Figure 5 is a graph of the resistance, dR/dT and the initial measurement of the 
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TEMPERATURE (KELVIN) 

Figure 4. Resistance (squares), 5 x dR/dT (triangles) and photoresponse 
(circles) of the laser ablated superconducting film. 400 Hz 
chopping frequency, He-Ne laser illumination, 100 /yA bias. 

photoresponse signal for a detector made from the sequentially evaporated film. The 
curve for dR/dT has been multiplied by a factor of 10. The temperature of this 
sample was held at 78.5 K during optimization of the beam position. As with the 
epitaxial sample, the temperature was varied down to approximately 12 K and no 
photoresponse other them that shown in this figure was observed. The agreement 
between the photoresponse emd dR/dT is poor. The maximum of the signal is displaced 
from the maximum of dR/dT by approximately 3 K to a higher temperature. Notice 
however that there is a shoulder on the peak of the signal at approximately the 
temperature of the peak in dR/dT and that there appears to be a shoulder on the peak 
of dR/dT at the peak in the signal. 

In speculating on the possibility of experimental problems that might explain 
this result, a rough calculation showed that thermal expansion of parts in the 
cryostat could shift the sample on the order of 10 frn relative to the focused laser 
beam. Hie sample was remeasured and, to correct for motion due to expansion, the 
beam was repositioned every one to two degrees of temperature change . 

The remeasured response is plotted in Figure 6. The resistance-temperature 
characteristic was also remeasured using finer temperature increments. Note that 
while R and dR/dT are plotted on the same scale in this figure as in Figure 5, the 
signal is divided by a factor of 2. The measured signal voltage was nearly a factor 
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Figure 5. Resistance (squares), 10 x dR/dT (triangles) and initial 
measurement of the photoresponse (circles) of the sequentially 
evaporated superconducting film. 400 Hz chopping frequency, He- 
Ne laser illumination, 100 fjh bias. 

of three larger when the position of the beam was optimized as the measurement 
progressed. The agreement between the peak positions was still approximately the 
same. In addition a shoulder still appeared to exist on the signal peak at about 
the temperature of the peak in dR/dT and on the dR/dT curve at about the peak in the 
signal . 


4. DISCUSSION 

The observed photoresponse of the granular sequentially evaporated film can be 
explained with two assumptions: 1) That the film is spatially nonuniform with 
different critical temperatures in different regions, and 2) That the laser beam 
was not uniformly illuminating the entire bridge area. With these assumptions, as 
the signal is optimized at a given temperature, the laser beam can be positioned at 
a location on the film that has a locally high dR/dT, even if it doesn't make a 
dominant contribution to the total resistance of the film. This can be particularly 
true if the size of the laser spot is comparable in size to the non-uniformities. 

Several simple one dimensional simulations were made to explore this possibili- 
ty. Three of these will be presented here. In the first two a one dimensional 
detector was assumed to consist of a series combination of two regions, one with a 
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Figure 6. Resistance (squares), 10 x dR/dT (triangles) and remeasured 
photoresponse/2 (circles) of the sequentially evaporated 
superconducting film, 400 Hz chopping frequency, He-Ne laser 
illumination, 100 // A bias. 

transition centered about 83 K and another with a transition centered about 79 K. 
The higher temperature transition was assumed to be broader. The illumination was 
assumed to result in a temperature increase that had a Gaussian distribution along 
th e detector. The resistance, dR/dT and the signal for two beam positions are 
plotted in Figures 7 and 8. In Figure 7 the position of the beam was optimized at 
77 K resulting in a strong response due to the low T region of the detector while 
for Figure 8 it was optimized at 87 K resulting in a strong response due to the high 
T c portion of the detector. 

A slightly more sophisticated simulation was also made. The one dimensional 
detector was assumed to consist of a narrow region of high T with broader regions 
of lower T on either side. The simulation was then run with the beam position re- 
optimized ai 1 K intervals. The result in Figure 9 shows many of the features 

observed in the measurement on the sequentially evaporated film. The peak in the 
photoresponse is at a higher temperature than the peak in dR/dT and each peak has a 
shoulder that corresponds with the other, although the shoulders are much stronger 
here. The cusp in the signal between the peaks results from the sharp boundary 
between the regions. The parameters of the model could be adjusted to give a better 
reproduction of the measured data but this simulation demonstrates that a bolometric 
response in a nonuniform film can explain the observed signal. 
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Figure 7. Simulated resistance, 5 x dR/dT and signal of a nonuni form 
detector. Beam position optimized at 77 K. 



Figure 8. Simulated resistance, 5 x dR/dT and signal of a nonuniform 
detector. Beam position optimized at 87 K. 
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Figure 9. Simulated resistance, 5 x dR/dT and 5 x signal of a nonuniform 
detector. Beam position re-optimized at 1 K intervals. 

5. CONCLUSIONS 

The photoresponses of a laser ablated epitaxial film and a granular sequen- 
tially evaporated film of YBa 2 Cu 3 0, t have been measured. For both films the only 
observed signal occurred for temperatures near the transition temperature. For the 
epitaxial film there was good correspondence between the measured signal and the 
temperature derivative of the resistance indicating that the photoresponse was 
bolometric in nature. The photoresponse of the granular films did not coincide as 
well with dR/dT, however simulations based on the assumption that the film is 
nonuniform lead to the conclusion that nonuniformities, coupled with a bolometric 
effect, are sufficient to explain the observations. 
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SUMMARY 

Epitaxial YBa 2 Cu 307 films have been grown on several microwave substrates. 
Surface resistance and penetration depth measurements have been performed to 
determine the quality of these films. In this paper, the properties of the^e 
films on key microwave substrates are described. The fabrication and charac- 
terization of a microwave ring resonator circuit to determine transmission line 
losses is presented. Lower losses than those observed in gold resonator cir- 
cuits were observed at temperatures lower than critical transition temperature. 

Based on these results, potential applications of microwave superconduc- 
ting circuits such as filters, resonators, oscillators, phase shifters, and 
antenna elements in space communication systems are identified. 


INTRODUCTION 

The discovery of superconductivity in ceramic oxides such as Y-Ba-Cu-0, 
Bi-Sr-Ca-Cu-0 and Tl-Ca-Ba-Cu-0 with transition temperatures T c around 100 K 
has inspired many researchers around the world to manipulate and to alter these 
ceramic oxides to form beneficial products for various applications. One 
important application where high T c superconductors have begun to show prom- 
ise is in the area of microwave communication and radar systems. The use of 
high T c superconductors in a microwave system requires development of thin 
films on microwave substrates which then can be patterned into desired micro- 
wave circuits such as filters, phase shifters, ring resonators, and delay 
lines. The superconducting thin films for microwave circuits need to be depos- 
ited on low dielectric constant and low loss substrates, have smooth morphol- 
ogy, high critical temperature T c , high critical current density J c and low 
surface resistance R s . Furthermore, films on the substrates must be evaluated 
as microstrip or ring resonator circuit to determine the quality factor "Q" , 
and various losses prior to developing microwave circuit applications. 

In this paper, we describe the characteristics of high quality Y-Ba-Cu-0 
thin films on microwave substrates and evaluation of their microwave proper- 
ties. We discuss the fabrication, characterization, and performance of ring 
resonator circuits. In conclusion, we present some examples of applications 
of superconducting microwave circuits. 
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FABRICATION OF THIN FILMS ON MICROWAVE SUBSTRATES 


To obtain high quality YBa 2 Cu 30 y films on suitable substrates the sub- 
strate lattice constants must be matched to those of the films and there must 
not be a detrimental chemical reaction between the substrates and the film. In 
addition, the film composition must be as close to the correct composition as 
possible. To date, to obtain the highest quality films several physical and 
chemical deposition techniques have been used. Many of these require post- 
annealing at high temperatures. This high temperature anneal causes chemical 
interactions at the film-substrate interface, making the substrate/film inter- 
face unsuitable for microwave applications (ref. 1). See table I for the 
properties of sequential evaporated films on microwave substrates. To circum- 
vent this problem, an in situ annealing procedure which allows lower growth 
temperatures have been used to grow epitaxial films using a laser ablation 
technique (ref . 2 ) . 

The details of the geometry of the laser ablation are shown in fig- 
ure 1(a). The substrates were mounted onto a stainless steel plate with a 
diameter of 63 mm. The plate was heated from the backside using a resistive 
heater. The sample chamber was evacuated to 3xi0 -7 torr, or lower, using a 
liquid nitrogen cold trapped diffusion pump before the sample was warmed up to 
700 °C. During deposition the chamber pressure was 170 mtorr; the laser wave- 
length was 248 nm; the energy density was 1.5 ( J/cm 2 )/pulse; the pulse rate was 
two pulses per second; and the distance between the target and the sample was 
8 cm. The laser beam was rastered up and down 1 cm over the target using an 
external lens on a translator. After deposition the oxygen pressure was 
raised to 1 atm, and the temperature was lowered to 450 °C at a rate of 
2 °C/min. The temperature was held at 450 °C and held for 2 hr, then cooled 
to room temperature. 

The best film had a T c of 89.8 K immediately after deposition as deter- 
mined by a standard four point resistance measurement. Its resistance versus 
temperature behavior is shown in figure 1(b). From x-ray diffraction data the 
film was determined to be c-axis aligned. Critical current density J c versus 
temperature is shown in figure 1(c). As can be seen, the value of J c was 
greater than 10® A/cm 2 at 77 K. The surface morphology of the HTS on LaAl 03 is 
shown in figure 1(d). The surface is very smooth with some small structure of 
about 0.25 p in size. This size of structure has been confirmed by Scanning 
Tunneling Microscopy. We do not observe large numbers of HTS particulates due 
to the laser ablation process. In table I, we list the performance of 
YBa 2 Cu 307 thin films on various microwave substrates along with properties of 
these substrates. 


SURFACE RESISTANCE 

Surface resistance characterization of superconducting film offers val- 
uable information on the film quality for microwave circuit applications. 
Currently, surface resistance values are obtained by cavity (refs. 3 and 4) 
and stripline measurements (ref. 5). Correlation between material properties 
(i.e., dc conductivity above T c , penetration depth, and T c ) and surface 
resistance are still not well understood for new high T c superconducting 
films. Theoretically, surface resistance of metal conductor is given by 
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afj is the normal conductivity, ia 0 is the magnetic permeability, and u is 
the angular frequency. For superconducting films, conductivity is a complex 
quantity o - oj + ja 2 . For <73 >> a^ one can obtain the surface resistance 
of superconducting film 
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Clearly, from this expression to obtain surface resistance for superconducting 
film lower than for a normal metal, the lowest values of and X are 

desired. Miranda et al. (ref. 6) have measured microwave transmission in a 
waveguide for superconducting films as shown in figure 2. From the transmis- 
sion data, using the two fluid models, and X have been obtained. A sum- 
mary of results for Y-Ba-Cu-0 films on various substrates is shown in table II. 
The penetration depth value was small for laser ablated film on lanthanum alum- 
inate substrates. Using these values in equation (4), a surface resistance for 
films on LaAl 03 is calculated. In figure 3, which is adopted from reference 7, 
we show how the quadratic variation f2 of the surface resistance varies with 
frequency for laser ablated Y-Ba-Cu-0 films on microwave substrates. The sur- 
face resistance is several orders of magnitude lower than that of copper. 
Clearly surface resistance, penetration depth, and microwave conductivity meas- 
urements provide valuable information on the quality of these films for micro- 
wave circuits. 


BASIC MICROWAVE CIRCUIT - RING RESONATOR 

Measurements of surface resistance by the cavity technique fail to model 
microstrip losses completely because it neglects substrate losses and fails to 
adequately probe the film-substrate interface. Microstrip resonators patterned 
from thin films on microwave substrates allow direct measurement of microstrip 
losses. We have fabricated microstrip ring resonators operating at 35 GHz 


188 



from laser ablated YBCO thin films deposited on lanthanum aluminate substrate 
(ref. 11). Also, several groups have studied resonator circuits at lower fre- 
quencies (refs. 5 and 8 to 10). The resonator circuits we fabricated were pat- 
terned by standard photolithography using negative photoresist and a 'wet' 
chemical etchant. This etchant was either a 3-percent solution of bromine in 
ethanol or dilute phosphoric acid in water. A metal ground plane was deposi- 
ted by first evaporating 100 A of Ti for adhesion followed by 1 p of gold. In 
addition to the resonator, each chip also had a test bar for directly determin- 
ing T c of the patterned film. Identical resonators were fabricated entirely 
from gold (both strip and ground plane) using evaporation and lift-off to 
define the strip. 

The resonators were measured using a Hewlett-Packard 8510 Automatic Net- 
work Analyzer, operating in WR-28 waveguide. The microstrip circuit mounted 
in a tapered ridge waveguide to microstrip test fixture is shown in figure 4. 
The design of a cosine tapered ridge used inside the waveguide to couple the 
incoming signal to microwave circuit is shown in figure 5. The plot of the 
reflected power from the resonator (which is a measure of the loaded Q') is 
shown in figure 6 for several frequencies. Two features are apparent; (1) the 
coupling changes with temperature (the coupling coefficient increases with 
decreasing temperature) and (2) the resonant frequency shifts with temperature. 
The change in the resonant frequency versus temperature for a superconducting 
resonator is plotted in figure 7. This change is a consequence of the depen- 
dence of the internal impedance of the strip on the changing normal supercon- 
ducting electron densities. The internal inductance of a superconducting strip 
over a ground plane is given by (ref. 8): 

L int ‘ % X co,h (x) 

Assuming the Gorter-Casimir temperature dependence of X: 



the form of the resonant frequency variation based on the changing line induc- 
tance matches the experimental observations (fig. 7). 

The best resonators measured to date have shown unloaded 'Q's ranging 
from 2500 to 1000 at 20 and 77 K, respectively. This corresponds to a surface 
resistance value of, at most, 15 mil at 77 K at 35 GHz, a value two to three 
times better than copper at the same temperature and frequency. 


POTENTIAL APPLICATIONS 

High T c superconducting thin films have shown lower surface resistance 
than copper. Low conductor losses for high T c superconducting ring resonator 
circuit have been demonstrated. These characteristics are desirable in passive 
microwave circuits used in communication and radar systems since they reduce 
loss and size, increase, bandwidth, and provide low noise. Complete system 
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analysis of the impact of the advantages of high T c superconducting microwave 
circuits is yet not available. From a block diagram of satellite transponder 
(fig. 8), we have considered the following examples of potential applications 
of HTS microwave circuits in satel 1 i te communications applications. One can 
easily project the application of superconducting passive circuits as low loss, 
high 'Q' filters (ref. 11), high 'Q r resonators, delay lines, power splitter 
combiners, and resonator stabilized oscillators. Based on results obtained to 
date on the performance of superconducting microstrip resonator circuits with 
high 'Q' values. 

In addition to these applications, extremely low loss phase shifters using 
superconducting switches are also feasible. In figure 9, we show a phase 
shifter which utilizes superconducting-normal-superconducting switches in place 
of FET/diode switches. The switches are fabricated from high temperature thin 
films of YBCO. The switches operate in the bolometric mode with the film held 
near its transition temperature. Radiation from a light source raises the 
temperature and consequently causes the film to become resistive. If the 
switches in the reference path are illuminated, they will become resistive. 

The switches on the opposite side of the device are superconducting. Since 
each switch is positioned one quarter of a wavelength from the junction, the 
signal will be reflected from the delay path in phase. A similar phenomenon 
occurs at the output port. To achieve the desired phase shift, the opposite 
set of switches is illuminated. Figure 9 shows the predicted behavior for a 
180° phase shifter, with exceptional narrow insertion loss envelope and excel- 
lent return loss. 

In figure 10, we show an example of hybrid semiconductor/superconductor 
device. It is possible that by combining the excellent low noise properties 
of GaAs devices with the low loss and low noise properties of superconducting 
transmission lines one can achieve ultra low noise receivers for satellite com- 
munications applications. If these promising concepts of high T c supercon- 
ducting devices are actually brought to fruition, then one can conceive their 
use in low loss, low noise superconducting phased array antenna in space com- 
munications systems as shown in figure 11. HTS transmission lines can provide 
low loss feed network which is a major problem in antenna networks. 


SUMMARY OF RESULTS 

We have demonstrated that rare-Earth oxide thin superconducting films can 
be deposited on various microwave substrates with critical temperature T c 
above 77 K, critical current densities J c above 10® A/cm^, and low surface 
resistance. Films can be easily etched into microwave transmission line cir- 
cuits. The basic microwave circuit ring resonator fabricated on a YBa 2 Cu 307 
superconducting film on LaA 103 substrate showed higher 'Q' than gold circuits 
at 77 K. Such circuits can provide propagation characteristics of microwave 
signals at the film-substrate interface. Several key HTS circuits such as 
filters, oscillators, phase shifters, and phased array antennas' feeds are 
feasible in the near future. For technology to improve further, reproducible, 
large area films have to be grown on low dielectric constant, low loss micro- 
wave substrates. Tradeoffs between superconducting microwave circuits with 
cryogenic systems and normal metal microwave circuits will have to be quanti- 
tatively established to determine their suitability for advanced communication 
and sensor systems. 
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TABLE I. - KEY PROPERTIES OF MICROWAVE SUBSTRATE MATERIALS 


Material 


■ 

■ 

Latti ce 
size, 

A 


Sequen- 

tial 

evapo- 

ration, 

K 

Laser 

abla- 

tion, 

K 

Magnesium oxide (MgO) 

70 

88 

9.65 

4X10 -4 

4.178 (100) 

Lanthanum aluminate 

82 


22 

5.8xl0“ 4 

3,792 ( 1 10 j 

( LaA10 3 ) 





Lanthanum gall ate 

— 

88 

27 

ZxlO -3 

3.892 (110) 

(LaGa0 3 ) 





Sapphire {AI2O3) 

71 


9.4 

11.6 

lxlO -6 

5.m (oTT) 

Yttria stabil ized 

70 

89 

27 

6X10 -4 

3.8795 (100) 

zirconia (ZrO) 





Silicon (Si) 

— 

— 

12 

10xl0 -4 

5.43 (100) 

Gallium arsenide 

— 

— 

13 

6x1 0“ 4 

5.653 (100) 

(GaAs) 






TABLE II. - MICROWAVE CONDUCTIVITIES (a n . o* = a, - la 2 ) AND ZERO 
TEMPERATURE PENETRATION DEPTH (Ag) at 33.3 GHz FOR USER 
ABLATED YBa 2 Cu 3 0 7 _5 SUPERCONDUCTING THIN FILMS 


Parameter 

YBCO on LaA10 3 

YBCO on MgO 

YBCO on Zr0 2 

828 A 

1769 A 

5000 A 

3500 A 

1200 A 

(300 K) 
°1 (77 K) 
°2 « 77 K) 
x 0 

3.0x10^ S/m 
2.8x10;? S/m 
5.4x10° S/m 
0.43 pm 

2.2x10^ S/m 
2.5x10° S/m 
l.lxlO 7 S/m 
0.36 pm 

1.5x10* S/m 
1.8x10° S/m 
4, 6x10° S/m 
0.39 pm 

1.4x10* S/m 
1.2x10* S/m 
3.0x10° S/m 
0.53 pm 

2.8x10* S/m 
2.4x10° S/m 
8.4x10° S/m 
0.59 pm 
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FIGURE 2. - TRANSMITTED POWER IN dB THROUGH A 
Y-Ba-Cu-0 FILM ON LaAi0 3 SUBSTRATE AT 37 GHz. 



FIGURE 3. - SURFACE RESISTANCE OF LASER ABLATED Y-Ba-Cu-0 
FILMS ON LaAI0 3 SUBSTRATE VERSUS FREQUENCY, ADOPTED 
FROM APPLIED PHYSICAL LETTERS VOLUME 56, p.p. 1178-1180. 
NASA DATA OBTAINED BY MICROWAVE CONDUCTIVITY MEASUREMENTS 


ORIGINAL PAGE 

BLACK AND WHITE PHOTOGRAPH 



FIGURE iJ. - WAVEGUIDE TEST FIXTURE USED FOR THE MEASUREMENT OF *0" VALUES OF SUPERCONDUCT- 
ING RING RESONATORS. 
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FIGURE 5. 


FIGURE 6. 


FIGURE 7. 
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FIXTURE 


Design of the cosine taper ridge inside the waveguide used for 
waveguide to microstrip, transition 



FREQUENCY, GHz 


Resonances of Y-Ba-Cu-0 ring resonator at three temperatures. 
Note the frequency shift with temperature. 



Ratio of the observed resonant frequency (f) to the zero 
temperature frequency (f 0 ) versus the T/T c . 0 represent 
experimental values. Solid lines represents calculations based 
on Gorter-Casimir model. 
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FIGURE 8. Block Diagram of a satellite transponder. 
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FIGURE 9. (a) Optically controlled High-T c superconducting switch-line phase 

shifter, (b) Insertion loss and return loss for both reference and delay 
states, (c) Insertion phase for reference and delay states. 





FIGURE 10. Superconducting GaAs MHIC Hybrid Receiver 



FIGURE 11. Conceptual diagram of a MMIC-Superconducting hybrid phase array 
antenna. 
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IV. SEMICONDUCTOR MATERIAL CHARACTERIZATION 
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